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Jun Li, Shayna Sung, Jianhua Tian and David E. Bergbreiter™

recycle
H
n

reaction

O

substrate

product product

Polyisobutylene is a readily modified soluble polymeric support for use in synthesis and catalysis.
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The development of a high-load, soluble oligomeric sulfonyl azide using ROM polymerization is reported. The utility in diazo transfer
reactions with active methylene compounds is demonstrated using an efficient protocol, with most reactions showing completion in 30
minutes. The sulfonamide byproduct, being insoluble in the reaction solvent, can be completely removed by simple filtration through a
silica gel SPE cartridge.

PEG-supported pyridylthioesters for racemization-free amide synthesis: a reagent that allows pp 12100-12106
simultaneous product formation and removal from the polymer
Maurizio Benaglia,® Stefania Guizzetti, Clara Rigamonti and Alessandra Puglisi

Qo SN S)J\/R - R

Et00C” “HN

Pyridylthioesters anchored to a modified poly(ethylene glycol) of M,, 5000 have been prepared in high yields and employed as a
convenient starting material in a new methodology that allowed to perform at the same time the reaction of the supported reagent and the
traceless removal of the final product from the polymer support.
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Series Editor
Professor H. H. Wasserman, Department of Chemistry, Yale University, P.O. Box 208107, New Haven, CT 06520-8107,
U.S.A.

Tetrahedron Symposia-in-Print comprise collections of original research papers covering timely areas of organic chemistry.

Each symposium is organized by a Symposium Editor who will invite authors, active in the selected field, to submit original
articles covering current research, complete with experimental sections. These papers will be rapidly reviewed and processed
for publication by the Symposium Editor under the usual refereeing system.

Authors who have not already been invited, and who may have obtained recent significant results in the area of the announced
symposium, may also submit contributions for Editorial consideration and possible inclusion. Before submitting such papers
authors should send an abstract to the Symposium Editor for preliminary evaluation. Firm deadlines for receipt of papers will
allow sufficient time for completion and presentation of ongoing work without loss of the freshness and timeliness of the
research results.
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Preface

Polymer-supported reagents and catalysts: increasingly
important tools for organic synthesis

The use of polymer supports in organic synthesis began with
solid-phase synthesis where the synthetic target is syn-
thesized attached to the polymer. For a variety of reasons,
including ease of reaction monitoring and product charac-
terization, shorter method development time, etc., the role
of the polymer has gradually shifted to supporting reagents
for reacting with solution-phase substrates in what is
sometimes referred to as polymer-assisted synthesis. Nowa-
days such use of polymer-supported reagents is as common,
if not more so, than solid-phase synthesis, and a great
number of such reagents have been reported in the literature
and are commercially available. However, despite intensive
research efforts over the past few years, the number of
polymer-supported reagents known is still just a small
fraction of the reagents commonly used in traditional
solution-phase organic synthesis. Therefore, as the desire
for faster production of compound collections with greater
structural complexity increases, the need for polymer-
supported reagents capable of effecting different reactions
and those with greater efficiency grows as well. This
Symposium-in-Print highlights some of the recent progress
in developing new polymer-supported reagents and show-
cases some of the different strategies for enhancing their
performance and improving methods for their preparation.

The cover picture displays an extremely rare English
‘ladder’ scale by Degrave, Short, Fanner and Company,
circa mid-19th century (from the collection of Janda). The
scale is made up of three beams that can measure materials

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.087

in units from 0.5 to 9 oz. Upon each ‘ladder step’ are
molecules that depict applications of polymer supports in
organic synthesis. Each of these applications has specific
requirements of the polymer regarding solvent compati-
bility, reactivity, porosity, etc. Thus, one polymer does not
fit all applications, just as there is no universal solvent, and
striking the proper balance between polymer structure and
synthetic use is essential. To the lower left of picture are
listed some of the polymer supports used in the research
described in this issue. Judging by the number and variety of
materials listed, it is quite clear that the research regarding
polymer-supported reagents and catalysts the polymers used
to support them is an active and dynamic field and that many
important discoveries are still to be made.
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Abstract—A series of polar group functionalized polystyrene-supported phosphine reagents were examined as catalysts in the aza-Morita—
Baylis—Hillman reactions of N-tosyl arylimines and a variety of Michael acceptors with the aim of identifying the optimal polymer/solvent
combination. For these reactions Janda/el-PPh; (1 mmol PPhs/g loading) resin containing methoxy groups (JJ-OMe-PPhs) on the
polystyrene backbone in THF solvent provided the highest yield of all the catalyst/solvent combinations examined. The methyl ether groups
were incorporated into JJ-OMe-PPh; using commercially available 4-methoxystyrene, and thus such polar polystyrene resins are easily

accessible and should find utility as nucleophilic catalyst supports.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The Morita—Baylis—Hillman reaction (Scheme 1) is an
important tool in organic synthesis that allows for the
formation of carbon—carbon bonds in densely functionalized
products under mild reaction conditions." While early
versions of this reaction were marked by some
irreproducible results and long reaction times, recent years
have seen much advancement in the understanding of its
mechanism® and improvements in its efficiency and
reliability. Nowadays the use of improved catalysts,’
including chiral ones, and activated electrophiles have
greatly improved the utility and scope of this reaction and
variations of it have seen increasing use in the synthesis of
complex, biologically active compounds.*

Ar)YJ\R

We have had a long standing interest in the development of
this reaction,5 and have reported on the use of not only

nucleophile

(0] (0]
Ar)J\H + \)J\R catalyst

Scheme 1. The Morita—Baylis—Hillman reaction.

Keywords: Morita—Baylis—Hillman reaction; Polymer-supported reagents;

Triphenylphosphine; Polystyrene.

* Corresponding authors. Tel.: +852 2859 2167; fax: +852 2857 1586
(P.H.T.) Tel.: +86 21 64163300x342; fax: +86 21 64166128 (M.S.);
e-mail addresses: mshiepub@sioc.ac.cn; phtoy @hku.hk
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nucleophilic amine Lewis base catalysts, but phosphines as
well, in aza-Morita—Baylis—Hillman (AMBH) reactions
where the electrophile is a N-sulfonated imine rather than
a simple, less electrophilic aldehyde.®” We have examined
the scope of this reaction in terms of nucleophiles,
electrophiles, and catalysts and have developed convenient
methods for the synthesis of a large variety of B-amino
carbonyl compounds.

Another area of research interest for us has been the
development of polymer-supported reagents®® for use in
solution-phase organic synthesis. We have recently reported
both soluble and insoluble amine,lo arsine,'! ketone,12
nitroxyl,13 phosphine,]4 sulfide,'® sulfonamide,'® and
sulfoxide'” reagents that are useful in a wide range of
synthetic transformations. In a bridging of our areas of
interest, we have examined the use of a soluble
poly(ethylene glycol)-supported phosphine,'® and insoluble
polystyrene-supported DMAP'®'? and PPh; (JandaJel-
PPhs, 1a, Scheme 2)**' reagents as nucleophilic catalysts
in AMBH reactions>* and observed results similar to those
obtained using the analogous small molecule catalysts.>

In this later report, we examined the relationship between
resin loading level and catalyst efficiency and observed that
a loading level of 1.5 mmol PPhs/g of resin was optimal. In
order to further optimize catalyst efficiency by identifying
the optimal polymer backbone, we sought to prepare a series
of related polystyrene resins in which the non-phosphine
bearing styrene aromatic rings were functionalized with
polar groups. Herein we report the preparation of a variety
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R

2a:R'=R?=H 3 4
2b: R' = CH,0H, R?= H

2¢: R' = CH,0Me, R? = H

2d: R1 = CH,CN, R?=H
2e:R"=0Ac,R?=H

2f: R1 OMe, R?=H

2g:R'=R?= OMe

Scheme 2. Synthesis of JandaJel-Polar-PPh; reagents 1la—g.

of such triphenylphosphine resins, 1b—g, examination of
their catalytic efficiency in AMBH reactions in a range of
solvents and identification of the optimal polystyrene
backbone for such catalyst.

2. Results and discussion

Various polar groups have been added to cross-linked
polystyrene in order to increase resin polarity and
compatibility with polar solvents such as DMF, MeOH
and water. One of the most common and successful
strategies for this is the introduction of long, polar
poly(ethylene glycol) (PEG) grafts onto a polystyrene
resin core and a variety of such polymers have been
reported Addltlonally, the use of short PEG chains® and
various ionic moieties®® have been added to polystyrene
resins with the aim of increasing resin polarity, with varying
degrees of success. Thus, we wanted to determine if adding
additional polar functional groups onto the pol;/mer
backbone would provide better phosphine catalysts®’® for
AMBH reactions, with the idea of matching the polarity of
the resin microenvironment® with that of the transition
states and intermediates of the reaction.

In keeping with our practice of usmg functional monomers
to prepare the flexible cross-linker’" containing JandaJel
resins,” we selected styrene monomers 2b—g for incorpor-
ation into the new phosphine polymers 1b—g (Scheme 2).
These monomers allow for the incorporation of alcohol,
ether, ester, and nitrile functional groups. Styrenes 2b,*?

Table 1. Synthesis of resins 1b—g

x+y/50
suspension 5 X y
_polymerization R O O
(0]
L1 PPN
O
1a (JJ-PPh3): R'=R?=H x +y/50

1b (JJ-CH,OH-PPhs): R' = CH,0H, R?= H
1¢ (JJ-CH,OMe-PPhg): R' = CH,OMe, R? = H
1d (JJ-CH,CN-PPhg): R' = CH,CN, R®= H
1e (JJ-OAc-PPhy): R' = OAc, R?=H

1f (JJ-OMe-PPhj): R' = OMe, R? = H

1g (JJ-(OMe),-PPhs): R! = R? = OMe

2¢,” and 2d** were prepared according to literature
procedures from 4-vinylbenzyl chloride and 2g was
prepared from 2,4-dimethoxybenzaldehyde by a Wittig
reaction.”> Monomers 2e and 2f are available commercially,
while styryldiphenylphosphine (3)'** and cross-linker 4°'
were prepared as previously reported from 4-bromostyrene
and 4-acetoxystyrene, respectively. With all of the required
materials in hand, we prepared resins 1b—g by suspension
polymerization (Scheme 2).**>” The monomers were mixed
such that for a 10 g batch of resin, 10 mmol of 3 was used
and the balance of the monomer mixture was composed of
2b—g and 2 mol% 4 (Table 1). This was done in order to
obtain resins with loading levels of 1.0 mmol PPhs/g. We
chose to use this lower loading for resins 1b—g, compared to
a value of 1.5 mmol PPh;/g for 1a, because this results in
resins that contain between 3.3 and 5.4 functionalized
styrene units per PPh; group and resin 1a has 3.3 styrene
groups per PPh; group.'** Yields of the resins were good to
excellent, and as in previous expelriments,14a the observed P
content was close to the theoretical value in all cases.

We next screened resins 1b—g as catalysts in the AMBH
reaction of 5a with methyl vinyl ketone (6) to form 7 under
identical reaction conditions (1.0 equiv Sa, 1.5 equiv 6,
0.1 equiv catalyst, room temperature, 10 h) using various
solvents to examine if any catalyst/solvent combination
would provide a higher yield than obtained with 1a in THF
(91%). The solvents chosen were acetonitrile (ACN),
dichloromethane (DCM), DMF, DMSO, THF and toluene
and the results of these reactions are summarized in Table 2.
The only catalyst that afforded higher yield of 7 than 1a in

P content (%)

Resin 2 (mmol) 3 (mmol) 4 (mmol) Yield (%) Theor Obsd
1b 53 10 1.3 90 3.10 3.06
1c 46 10 1.1 69 3.10 3.09
1d 42 10 1.0 93 3.10 3.31
le 42 10 1.0 88 3.10 3.03
1f 54 10 1.2 91 3.10 3.15

1g 42 10 1.0

86 3.10 2.95




12028

Table 2. Reactions of 5a with 6 using 1la—g as catalyst
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NTS ) TSs\nH o
| + 1a-g, solvent, rt, 10 h
\ —_—
Ph)\H \)J\ Ph
5a 6
7
Yield (%)*
Entry Catalyst ACN DCM DMF DMSO THF Toluene
1 1a° 68 73 69 — 91 66
2 1b 47 30 55 60 51 34
3 1c 53 67 88 51 95 60
4 1d 37 54 60 44 90 42
5 le 43 53 76 63 96 35
6 1f 74 88 75 63 97 64
7 1g 42 55 64 58 92 32
 Isolated yield.
" Results from Ref. 20.
Table 3. Resin swelling in various solvents®
Resin ACN DCM DMF DMSO THF Toluene Dry vol
1a 1.6 6.6 44 — 6.2 54 1.6
1b 22 3.6 6.7 6.8 5.3 23 1.9
1c 3.1 10.3 7.5 39 9.8 9.0 1.8
1d 3.9 7.6 83 8.1 7.3 33 1.6
le 34 8.0 6.4 5.4 6.3 53 1.5
1f 24 11.3 7.0 4.2 12.9 12.3 1.7
1g 2.6 8.4 7.4 4.0 7.8 7.4 1.7

? Data is given in mL/g.
® Data is taken from Ref. 20.

all solvents examined except for toluene, in which the yields
were almost the same, was methyl ether group function-
alized 1f and the highest obtained yield overall was with this
catalyst in THF (97%). It is interesting to note the stark
difference in performance between 1c¢ and 1f, considering
that they differ only by a methylene group. Resin 1¢ was less
effective as a catalyst than 1f in all solvents except for DMF.
Furthermore, the addition of a second methyl ether group, as
in 1g, also decreased catalyst efficiency. It also was
somewhat surprising that 1b, containing hydrogen bond
donating hydroxyl groups, was the worst catalyst screened
since such groups could stabilize intermediates of the
AMBH reaction.”

In order to interpret the results in Table 2, we examined the
swelling of resins 1b—g in the same set of solvents used to
perform the reactions, since this factor has been shown by
both fluorescence®® and NMR* spectroscopy to be a key
factor in determining substrate accessibility to the interior,
and thus the functional groups, of the resins. The swelling
data for 1b—g is summarized in Table 3. It is clear that there
is a general correlation between the swelling of a resin in a
particular solvent and yield obtained with that resin/solvent
combination. All resins except 1b swell well in THF and
afford high yields of 7 in this solvent. Resin 1b swells poorly
in THF and affords the lowest yield of 7 in this solvent. On
the other hand, the resins all swell very little or none at all in
ACN and this proved to be one of the worst solvents for the
reactions. A notable anomaly is the performance of 1d in
DMSO. This resin exhibits the highest level of swelling in
DMSO, yet affords only a modest yield of 7. Most
importantly 1f clearly swells the most in the relatively

non-polar solvent examined (DCM, THF and toluene) and
affords the highest yields of 7 in them.

Since we previously examined 1a in AMBH reactions of a
range of N-tosyl arylimines with only electrophile 6,%° we
wanted to see if other Michael acceptors, such as acrolein
(8) and phenyl acrylate (10), are also useful in this reaction
system. The results of AMBH reactions catalyzed by 1f of 8
and 10 with a variety of electrophiles 5 are summarized in
Tables 4 and 5, respectively. Gratifyingly, in reactions of 8
to form 9, complete disappearance of the electrophile § was
observed within 3 h, except for when an electron-rich
dimethylamino functionalized imine was used (Table 4,
entry 5). Reactions of 10 catalyzed by 1f were much more
sluggish by comparison and thus were allowed to proceed
for 36 h. However, reasonable yields of 11 were obtained in
all cases despite the long reaction times.

Table 4. AMBH reaction of 8 catalyzed by 1f

NS it 1f, THF, rt P o
+ s )
Ar)‘\H \)kH — Ar/H(U\H

5 8 9
Entry Ar- Time (h) Yield (%)*
1 Ph- 3 75
2 4-Me-CgH,— 3 54
3 4-Et-C¢Hy— 3 75
4 4-MeO—-¢Hy— 3 36
5 4-NMe,-C¢Hy— 24 No reaction

 Isolated yield of 9 from reaction of 5 (1.0 equiv), 8 (2.0 equiv) and 1f
(0.1 equiv).
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Table 5. AMBH reaction of 10 catalyzed by 1f

NS 2 1, THF, rt oo
+ 3 )
ArXH \)koph Ar%oph

5 10 11
Entry Ar— Yield (%)*
1 Ph- 81
2 4-MC—C6H4— 58
3 4-Ft-CeHy— 50
4 4-F—gH,~ 63
5 4-Cl-CgH,— 74
6 4-Br—CeH,— 45
7 2,3-Cl,—C¢H3— 68
8 4-NOy—CeH,~ 67
9 3-NO,—CgHy— 70

 Isolated yield of 11 from reaction of 5 (1.0 equiv), 10 (1.2 equiv) and 1f
(0.1 equiv).

3. Conclusions

In summary, we have examined a range of polar polystyrene
resins as supports for PPhs groups in which the supported
phosphine was used as a nucleophilic catalyst in AMBH
reactions. To our knowledge, this is the first such
comparative study and it was observed that incorporation
of 4-methoxystyrene into the polymer afforded the best
support in terms of catalyst efficiency in THF solvent. Thus,
resin 1f was found to be the best heterogeneous polymer-
supported catalyst examined to date for the prototypical
AMBH reaction of 5§ and 6 to form 7. Furthermore the scope
of the reaction system was extended to the use of acrolein
and phenyl acrylate as Michael acceptors with a wide range
of N-tosyl arylimines. We believe that the enhanced
performance of 1f compared to 1a is a result of its increased
polarity since AMBH reactions are known to involve polar
transition states and reaction intermediates.

4. Experimental
4.1. General

All reagents were obtained from the Aldrich, Lancaster or
Acros chemical companies and were used without further
purification. All moisture sensitive reactions were carried
out in dried glassware under a N, atmosphere. Tetra-
hydrofuran was distilled under a N, atmosphere over
sodium and benzophenone. Dichloromethane was distilled
under a N, atmosphere over calcium hydride. Merck silica
gel 60 (230—400 mesh) was used for chromatography. Thin-
layer chromatography analysis was performed using glass
plates coated with silica gel 60 F,s4. NMR spectra were
recorded using either a Bruker DRX 300 or an AV400
spectrometer. Chemical shift data is expressed in ppm with
reference to TMS. HR EI-MS data was recorded on a
Finnigan MAT 96 mass spectrometer.

4.1.1. 4-Vinylbenzyl alcohol (2b). A solution of 4-vinyl-
benzyl chloride (32.0 g, 213 mmol), sodium acetate (23.0 g,
280 mmol), BuyNI (7.9 g, 21.3 mmol) in dry THF (300 mL)
was heated to reflux for 48 h. After cooling to room
temperature, this was diluted with water (200 mL),

extracted with CHCl; (3X300 mL). The organic layers
were dried over Na,SQy, filtered and concentrated in vacuo
to afford 4-vinylbenzyl acetate as a orange oil (37.1 g, 99%).
"H NMR (CDCls, TMS, 300 MHz): 6 2.09 (s, 3H), 5.08 (s,
2H), 5.26 (dd, 1H, J=10.9, 0.9 Hz), 5.75 (dd, 1H, J=17.6,
0.9 Hz), 6.71 (1H, dd, J=17.6, 10.9 Hz), 7.31 (d, 2H, J=
8.1 Hz), 7.40 (d, 2H, J=8.1 Hz). '*C NMR (CDCl;, TMS,
75 MHz): 6 20.71, 65.83, 114.15, 126.26 (2C), 128.37 (2C),
135.44, 136.23, 137.41, 170.52. HR EI-MS: calcd for
C11H,0,, 176.0837; found, 176.0837.

To a EtOH solution (150 mL) of 4-vinylbenzyl acetate
(37.1 g, 211 mmol) was added 6 N NaOH (50 mL). The
reaction mixture was refluxed for 3 h. After cooling to room
temperature, it was diluted with water (200 mL), extracted
with CHCl; (3 X300 mL). The organic layers were purified
by distillation (100 °C, 20 mmHg) to afford 2b as a
colourless liquid (17.0 g, 60%). '"H NMR (CDCl;, TMS,
400 MHz): 6 4.64 (s, 2H), 5.24 (dd, 1H, J=10.9, 0.9 Hz),
5.75 (dd, 1H, J=17.6, 0.9 Hz), 6.71 (1H, dd, J=17.6,
10.9 Hz), 7.29 (d, 2H, J=8.1 Hz), 7.39 (d, 2H, J=28.1 Hz).
3C NMR (CDCls, TMS, 75 MHz): 6 65.22, 114.03, 126.54
(20), 127.36 (2C), 136.61, 137.13, 140.68. HR EI-MS:
calcd for CoH (0, 134.0732; found, 134.0732.

4.1.2. 4-Vinylbenzyl methyl ether (2c¢). To a MeOH
solution (100 mL) of 4-vinylbenzyl chloride (10.0 g,
6.6 mmol) sodium methoxide (7.1 g, 13.1 mmol) was
added. The reaction mixture was heated to reflux for 24 h.
After cooling to room temperature, it was then filtered and
concentrated in vacuo. The crude product was diluted with
diethyl ether (100 mL) and then washed with water (3 X
100 mL). The organic layer was dried over Na,SOy, filtered
and concentrated in vacuo. The crude product was purified
by silica gel chromatography (5% EtOAc/hexane) to afford
as 2c¢ a colourless liquid (8.8 g, 91%). '"H NMR (CDCls,
TMS, 300 MHz): 6 3.39 (s, 3H), 4.45 (s, 2H), 5.24 (dd, 1H,
J=10.9, 0.9 Hz), 5.74 (dd, 1H, J=17.6, 0.9 Hz), 6.71 (1H,
dd, J=17.6, 10.9 Hz), 7.29 (d, 2H, J=8.1 Hz), 7.39 (d, 2H,
J=8.1 Hz). 3C NMR (CDCl;, TMS, 75 MHz): 6 58.07,
74.42, 113.80, 126.25 (2C), 127.94 (2C), 136.55, 137.01,
137.79. HR EI-MS: calcd for C;oH;,0, 148.0888; found,
148.0813.

4.1.3. 4-Vinylphenylacetonitrile (2d). To an anhydrous
CH;CN solution (55 mL) of 18-crown-6 (0.7 g, 2.8 mmol),
4-vinylbenzyl chloride (10.0 g, 70.0 mmol) and powdered
KCN (6.4 g, 100 mmol) were added. The reaction mixture
was stirred at room temperature for 16 h and then
concentrated in vacuo. The residue was diluted with water
(100 mL) and extracted with diethyl ether (100 mL). The
organic layer was sequentially washed with water (50 mL),
brine (50 mL), dried over Na,SQy, filtered and concentrated
in vacuo. The crude product was purified by silica gel
chromatography (10% EtOAc/hexane) to afford 2d as a
yellow liquid (8.9 g, 95%). 'H NMR (CDCl;, TMS,
300 MHz): 6 3.74 (s, 2H), 5.29 (dd, 1H, J=10.9, 0.9 Hz),
5.77 (dd, 1H, J=17.6, 0.9 Hz), 6.70 (1H, dd, J=17.6,
10.9 Hz), 7.28 (d, 2H, J=38.1 Hz), 7.42 (d, 2H, J=28.1 Hz).
13C NMR (CDCls, TMS, 75 MHz): 6 23.72, 114.64, 117.77,
126.81 (2C), 128.59 (2C), 129.18, 135.87, 137.37. HR EI-
MS: calcd for CigHgN, 143.0735; found, 143.0735.
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4.1.4. 2,4-Dimethoxystyrene (2g). A solution of 2,4-
dimethoxybenzaldehyde (10.0 g, 6.0 mmol), methyltri-
phenylphosphonium bromide (25.8 g, 7.2 mmol), K,COj;
(40.0 g, 30.0 mmol), 18-crown-6 (0.2 g, 0.1 mmol) in dry
THF (180 mL) was heated to reflux for 24 h. After cooling
to room temperature, it was then filtered through Celite and
concentrated in vacuo. The crude product was purified by
silica gel chromatography (20% EtOAc/hexane) to afford 2g
as a colourless liquid (7.8 g, 78%). "H NMR (CDCl;, TMS,
400 MHz): ¢ 3.72 (s, 3H), 3.73 (s, 3H), 5.06 (dd, 1H, J=
11.2, 1.6 Hz), 5.54 (dd, 1H, J=17.8, 1.6 Hz), 6.35 (d, 1H,
J=2.3Hz),6.39 (dd, 1H, J=8.4,2.3 Hz), 6.87 (1H, dd, J=
17.8, 11.2 Hz), 7.30 (d, 1H, J=8.4 Hz). '>*C NMR (CDCl;,
TMS, 75 MHz): 6 55.34, 55.41, 98.34, 104.68, 112.24,
119.84, 127.23, 131.23, 157.82, 160.55. HR EI-MS: calcd
for C1oH,0,, 164.0837; found, 164.0836.

4.2. General procedure for Janda/el-Polar-PPh;
synthesis (Procedure A)

A solution of acacia gum (6.0 g) and NaCl (3.8 g) in warm
deionized water (45 °C, 150 mL) was placed in a 150 mL
flanged reaction vessel equipped with a mechanical stirrer
and deoxygenated by purging with N, for 2 h.>” A solution
of polar styrene monomer 2a—g, 3 (1.0 mmol/g of total
monomer), 4 (2.0 mol%), and AIBN (0.2 g) in chloro-
benzene (10 mL) was injected into the rapidly stirred
aqueous solution. The resulting suspension was heated at
85 °C for 20 h. At this time the crude polymer was collected
and washed with hot water (3 X 100 mL) and then placed in
a Soxhlet extractor and further washed with THF for one
day. The beads were recovered, washed sequentially with
methanol, diethyl ether and hexanes, and dried in vacuo.
Elemental analysis was used to determine phosphine
content, and thus the PPh; loading level.

4.2.1. Poly(4-styryldiphenylphosphine-co-[4-vinylbenzyl
alcohol]-co-1,4-bis[4-vinylphenoxy]butane) (JJ-CH,OH-
PPh;, 1b). This was prepared by procedure A using of 2b
(7.1 g, 53.0 mmol), 3 (2.9¢g, 10.0 mmol), 4 (0.4 g,
1.3 mmol), and AIBN (0.2 g) in chlorobenzene (10 mL) to
afford 1b (9.0 g, 90%). Elemental analysis was used to
determine the phosphine content (3.1%), and thus a loading
level of 1.0 mmol PPhs/g.

4.2.2. Poly(4-styryldiphenylphosphine-co-[4-vinylbenzyl
methyl ether]-co-1,4-bis[4-vinylphenoxy]butane) (JJ-
CH,0Me-PPh;, 1c¢). This was prepared by procedure A
using of 2¢ (7.0 g, 46.0 mmol), 3 (2.9 g, 10.0 mmol), 4
(0.4 g, 1.1 mmol), and AIBN (0.2 g) in chlorobenzene
(10 mL) to afford 1c (6.9 g, 69%). Elemental analysis was
used to determine the phosphine content (3.1%), and thus a
loading level of 1.0 mmol PPhs/g.

4.2.3. Poly(4-styryldiphenylphosphine-co-[4-vinylphenyl-
acetonitrile]-co-1,4-bis[4-vinylphenoxy]butane) (JJ-
CH,CN-PPh;, 1d). This was prepared by procedure A
using of 2d (6.8 g, 42.0 mmol), 3 (2.9 g, 10.0 mmol), 4
(0.3 g, 1.1 mmol), and AIBN (0.2 g) in chlorobenzene
(10 mL) to afford 1d (9.3 g, 93%). Elemental analysis was
used to determine the phosphine content (3.3%), and thus a
loading level of 1.0 mmol PPh;/g.

4.2.4. Poly(4-styryldiphenylphosphine-co-[4-acetoxy-
styrene]-co-1,4-bis[4-vinylphenoxy]butane) (J/-CH,OAc-
PPhg, 1e). This was prepared by procedure A using of 2e
(6.8 g,42.0 mmol), 3 (2.9 g, 10.0 mmol), 4 (0.3 g, 1.0 mmol),
and AIBN (0.2 g) in chlorobenzene (10 mL) to afford 1le
(8.8 g, 88%). Elemental analysis was used to determine the
phosphine content (3.0%), and thus a loading level of
1.0 mmol PPha/g.

4.2.5. Poly(4-styryldiphenylphosphine-co-[4-methoxy-
styrene]-co-1,4-bis[4-vinylphenoxy]butane) (JJ-(OMe)-
PPh;, 1f). This was prepared by procedure A using 2f
(7.1g, 54.0 mmol), 3 (2.9¢g, 10.0 mmol), 4 (0.4 g,
1.2 mmol), and AIBN (0.2 g) in chlorobenzene (10 mL) to
afford 1f (9.1 g, 91%). Elemental analysis was used to
determine the phosphine content (3.2%), and thus a loading
level of 1.0 mmol PPhs/g.

4.2.6. Poly(4-styryldiphenylphosphine-co-[2,4-di-
methoxystyrene]-co-1,4-bis[4-vinylphenoxy]butane)
(JJ-(OMe),-PPh;, 1g). This was prepared by procedure A
using of 2g (6.8 g, 42.0 mmol), 3 (2.9 g, 10.0 mmol), 4
(0.3 g, 1.0 mmol), and AIBN (0.2 g) in chlorobenzene
(10 mL) to afford 1g (8.6 g, 86%). Elemental analysis was
used to determine the phosphine content (3.0%), and thus a
loading level of 1.0 mmol PPhs/g.

4.3. Resin swelling measurements

The JandaJel-Polar-PPh; resin (50.0 mg) was placed in a
syringe (1 mL) equipped with a polypropylene frit and the
dry volume was measured. Solvents were injected into the
syringe until resins were soaked thoroughly. After equili-
brating for 1h, the volume of the swollen resin was
measured and the measured volume was normalized to mL/g.

4.4. General procedure for the JJ-Polar-PPh; catalyzed
AMBH reactions of N-sulfonated imine (5) with methyl
vinyl ketone (6)

The JJ-Polar-PPh; (0.05 mmol) was added to dry THF
(1.0 mL) under an argon atmosphere and the suspension was
stirred for 1 h at room temperature (swelling time). At this
time, the N-sulfonated imine (5, 0.5 mmol) and 6 (63 pL,
0.75 mmol, 1.5 equiv) were added to the suspension. The
reaction mixture was stirred at room temperature for
the indicated time or until TLC analysis indicated the
disappearance of 5. The reaction mixture was then diluted
with CH,Cl, (7.0 mL) and the catalyst was filtered off and
recovered. The filtrate was concentrated under reduced
pressure and the residue was purified by column chroma-
tography (25% EtOAc/petroleum ether) to afford the desired
product 7. Characterization data for 7 was consistent with
the previously reported data.®

4.5. General procedure for the J/-OMe-PPh;s (1f)
catalyzed AMBH reactions of N-sulfonated imines (5)
with acrolein (8)

JJ-OMe-PPh; (1f, 0.05 mmol) was added to dry THF
(1.0 mL) under an argon atmosphere and the suspension was
stirred for 1 h at room temperature (swelling time). At this
time, the N-sulfonated imine (5, 0.5 mmol) and 8 (67 uL,
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56 mg, 1.0 mmol, 2.0 equiv) were added to the suspension.
The reaction mixture was stirred at room temperature for the
indicated time or until TLC analysis indicated the
disappearance of 5. The reaction mixture was then diluted
with CH,Cl, (7.0 mL) and the catalyst was filtered off and
recovered. The filtrate was concentrated under reduced
pressure and the residue was purified by column chroma-
tography (20% EtOAc/petroleum ether) to afford the desired
product 9. Characterization data for these products was
consistent with previously reported data.®™

4.6. General procedure for the JJ-OMe-PPh; (1f)
catalyzed AMBH reactions of N-sulfonated imines (5)
with phenyl acrylate (10)

JJ-OMe-PPh; (1f, 0.05 mmol) was added to dry THF
(1.0 mL) under an argon atmosphere and the suspension was
stirred for 1 h at room temperature (swelling time). At this
time, the N-sulfonated imine 5 (0.5 mmol) and 10 (89 mg,
0.6 mmol, 1.2 equiv) were added to the suspension. The
reaction mixture was stirred at room temperature for the
indicated time. The reaction mixture was then diluted with
CH,Cl, (7.0mL) and the catalyst was filtered off and
recovered. The filtrate was concentrated under reduced
pressure and the residue was purified by column chroma-
tography (12.5% EtOAc/petroleum ether) to afford the
desired product 11. Characterization data for these products
was consistent with previously reported data.®
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Abstract—5-Norbornene-2-carboxaldehyde and norbornadiene were respectively converted into norbornene derivatives functionalized with
fluoroformamidinium hexafluorophosphate and 2-bromo-N-methylpyridinium tetrafluoroborate residues. Both these norbornene monomers
were ring opening metathesis polymerized or graft copolymerized onto polystyrene cores to produce ROMPgel and ROMPsphere peptide-
coupling reagents. These were used to prepare hindered amides, dipeptides and tripeptides with minimal purification in parallel arrays.
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1. Introduction

The synthesis of structurally diverse combinatorial oligopep-
tide libraries using purification free processes originated
from the pioneering work of Merrifield and Letsinger." Since
the advent of this methodology, an array of techniques
including parallel synthesis,” tagging, split and mix,* and
indexing’ has been developed for the generation of peptide
and non-peptide libraries on solid supports. The need to
synthesize chemically diverse libraries of small drug-like
entities through automation has resulted in a shift from the
traditional solid support approach to the use of solid
supported reagents.® This approach significantly facilitates
the process of library synthesis for high throughput assay’
since the undesired by-products are bound to the support
facilitating purification through simple filtration. The use of
polymer-supported reagents was conceived as a practical
solution for simplifying tedious workup procedures associ-
ated with the removal of undesired by-products® such as
phosphine oxides, sulfonamides and urea type reagents. Over
the past three decades this approach has been further
extended to include transformations such as oxidations,’
reductions,10 halogenations,11 carbon—carbon bond for-
mation'? and also the use of polymer bound catalysts.'?
These supported reagents are normally synthesized on cross-
linked polystyrene beads, macroporous ion exchange resins,
or inorganic supports. The major focus of combinatorial

Keywords: Acylations; Combinatorial chemistry; Peptides; Parallel

synthesis; Supported reagents.
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chemistry and parallel synthesis has been the generalization
of synthetic protocols to maximize functional group diversity
through automation. We have sought to address this need by
the introduction of new classes of high-loading polymer-
supported reagents for purification-free (mix, filter and
evaporate) parallel synthesis.

Recently, we have reported the use of ring opening metathesis
(ROM) polymerization for the synthesis of high-loading,
insoluble, polymer-gel supported reagents (ROMPgels).
These reagents have several major advantages. Firstly, alkene
metathesis catalysts are noted for tolerance of diverse
functionalities thereby permitting the production of fully
functionalized (reagent) monomers prior to the polymer-
ization process. Secondly, such monomers are readily
available from inexpensive precursors. Thirdly, ROMPgels
are high-loading reagents, which have been employed for
Horner-Emmons reactions,'* in TOSMIC condensation
reactions,” in acylation reactions including the preparation
of Mosher amides,'® and in reactions using triphenylpho-
sphine,'” N-hydroxysuccinimide,'® naphthalene and biphe-
nyl,'” Wilkinson’s catalyst,® allylboronate reagents,”’ and
diazoketophosphonates,” in catalyzing the Stetter reaction®
and as scavengers for amines and hydrazines.”* Hanson and
Flynn,>> Roberts®® and Janda®’ have described related
ROMPolymer-supported reagents and supports and the area
of ROMPolymer-supported reagents has been reviewed.*® To
further expand on our current methodologies, we now wish to
provide details for the synthesis and application of immobi-
lized fluoroformamidinium and immobilized 2-bromopyr-
idinium ROMPgel and ROMPsphere reagents for peptide-
coupling reactions and the synthesis of hindered amides.?®
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Gramicidin,?® an antibiotic first isolated in 1941, was found
to contain a C** di-substituted amino acid residue. Since
then such amino acid residues have been identified in a
number of natural products® and their occurrence has led to
significant interest in the development of efficient methods
for their synthesis.®' Traditional peptide-coupling protocols,
using activated esters and anh;/drides and carbodimides
with N-hydroxybenzotriazole,” have been found to be
inadequate for coupling such hindered moieties. The next
real advancement in coupling activity came with
the development of phosphonium salt based reagents such as
(1-benzotriazolyoxy)tris(dimethylamino)-phosphonium hexa-
fluorophosphate (BOP)** and (1- benzotnazolyoxy)tns(]sz)yrro—
lidino)-phosphonium hexafluorophosphate (PyBOP).*> Due
to toxicity of their side products, they soon were replaced by
uronium reagents such as O-(benzotriazol-1-yl)- 1 1 3 3-
tetramethyluronium hexafluorophosphate (HBTU)*®
O-(7-azabenzotriazol-1-yl)-1,1,3,3- tetramethyluromum
hexafluorophosphate (HATU).?” Recently an immobilized
version of as O-(benzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium tetrafluoroborate (TBTU) based on a polystyrene bound
benzotriazole was pubhshed 8 These uronium reagents show
a remarkable activity and low racemization in standard
peptide-couplings but are still of limited use for the coupling
of C** di-substituted amino acid residues, due to the steric
demand of the activating group. Other very active onium type
coupling reagents for hindered amide bonds include thiazo-
lium (2-bromo-3- ethyl 4-methylthiazolium tetrafluoroborate,
BEMT)*® and iminium (benzotriazol-1-yloxy-N,N- dlmethyl—
methan-iminium hexachloroantimonate, BOMD)*° type
reagents. Recently, onium type coupling reagents, that
generate acid fluorides or bromides, have been reported to
be effective in the synthesis of amides derived from mono- and
di-substituted amino acids in acceptable yields, with good
reaction rates and with minimal racemization. The most
promising and synthetically accessible candidates are fluor-
oformamidinium salts (tetramethylfluoro-formamidinium
hexafluorophosphate, TFFH and bis(tetramethylenefluoro-
formam-idinium) hexafluorophosphate, BTFFH)*'
2-halopyridinium  salts  (2-bromo-1-ethylpyridinium
tetrafluoroborate, BEP and 2-fluoro-1-ethylpyridinium tetra-
fluoroborate, FEP).** The inherent problem of all reagents
mentioned, including the immobilized TBTU, is the formation
of undesired by-product, which may be toxic* and that
necessitate extensive work-up after peptide-couplings in
solution. Consequently, we sought to prepare related
polymer-supported reagents to simplify work-up and to
minimize the need for chromatographic purification. Herein
we report the synthesis of monomers 4 and 8 (Schemes 1
and 2), their polymerization and graft ROM-polymerization
using starter divinylbenzene cross-linked polystyrene cores
(Scheme 3) and their use in the elaboration of hindered
peptides and amides in the solution phase with minimal
purification (Scheme 4).

2. Results and discussion
2.1. Synthesis of monomers
The fluoroformamidinium monomer 4 was synthesized in

four steps from commercially available 5-norbornene-2-
carboxaldehyde (1) (Scheme 1). Reductive amination of
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Scheme 1. Synthesis of the fluoroformamidinium monomer 4.
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Scheme 3. Synthesis of the ROMPgel reagent 10.
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Scheme 4. Synthesis of the ROMPsphere reagents 14 and 15.

aldehyde 1 gave amine 2** which was allowed to react with
dimethylcarbamoyl chloride to afford the urea derivative 3
in 89% yield. Formation of the formamidinium salt 4 was
achieved using a one-pot phosgene-free procedure
described by Néjera et al.** Thus, reaction of the amide 3
with oxalyl chloride and DMF in dichloromethane afforded
the formamidinium chloride salt. Subsequent treatment with
potassium hexafluorophosphate and potassium fluoride in
acetonitrile gave the formamidinium hexafluorophosphate 4
as a crystalline solid.

The second coupling reagent prepared was an immobilized
variant of the 2-bromo-1-ethylpyridinium tetrafluoroborate
(BEP) coupling reagent (Scheme 2). Monomer 8
was synthesized in 3 steps from the commercially available

Table 1. Parallel synthesis of hindered amides using the ROMPgel 10

10, Et,Ni-Pr, CH,Cly;
} R2R3NH } 203
R'COH —— 5 R'CONRR
Amberlite MB1.
16 17

Scheme 5. Parallel synthesis of hindered amides using the ROMPgel 10.

2,5-dibromopyridine. Selective bromine-lithium
exchange,46 upon treatment of the dibromide 5 with
n-butyllithium at —78 °C and iodination using 1,2-
diiodoethane gave 2-bromo-5-iodopyridine 6 (69%). Palla-
dium catalyzed exo-hydroarylation®’ of iodide 6 gave the
bromide 7 (66%). Subsequent ethylation using triethylox-
onium tetrafluoroborate*® gave the norbornene pyridinium
salt 8 (81%).

2.2. Ring opening metathesis polymerization: synthesis
of ROMPgel and ROMPsphere coupling reagents

With monomers 4 and 8 in hand, the stage was set for both
ROM-polymerization in the presence of a crosslink to pro-
vide the ROMPgel reagent 10 and graft ROM-polymer-
ization reactions onto polystyrene beads to provide the
corresponding ROMPsphere*” reagents 14 and 15. ROMP-
sphere reagents are analogous to functionalized Hodges
Rasta resins” due to the fact that both types of polymers are
derived from living polymerization reactions to increase the
mass and loading of core divinylbenzene cross-linked
polystyrene beads. ROM polymerization of monomer 4 in
the presence of catalyst 11°' (1 mol%) and cross-linker 9**
gave the fluoroformamidinium ROMPgel 10 (Scheme 3).
This was isolated in excellent yield (98%) after quenching
with ethyl vinyl ether and extensive washing with
dichloromethane and diethyl ether.

Secondly, Merrifield resin 12 (0.9 mmol/g ") was allowed
to react with excess 2-norbornene-5-methanol in DMF
under basic conditions for 24 h at reflux (Scheme 4). The
polymer was sequentially washed with dichloromethane and
methanol and dried. The loading of the norbornene 13 was

Entry R'CO,H (16) R'CONRR? (17) Yield %
(purity %)
1 16a 17a . 87 (88)
>—< >\:/<" Z N
H: 0
2 16b O{ 17b Oﬁ( O 98 (97)
N
CO,H
o]
3 16¢ \ 17c 73 (88)
CO,H N >
e}
4 16d \ / 17d 95 (90)
CO,H N )
[¢]
5 16e 17e O 81 (88)

* Yields refer to isolated products; the purities were estimated by 'H and '*C NMR spectra and, for volatile acids and amides, also by GC-S analysis.
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R2 R3 R RS

R'CONH™ ~CO,H  + CIHzN™ ~CO,R®

18 19
14 or 15 (2 equiv), RZ2 R®
Et,Ni-Pr, CH,Cly; P N._ _CO,R®
- . R'CONH N
. 5 4
Amberlite MB11 o R R
20

Scheme 6. Peptide—coupling reactions using ROMPsphere reagents 14
and 15.

estimated by an increase in mass and by elemental analysis.
The supported norbornene 13 (0.65 mmol/g ~ ') was allowed
to react with carbene 11 (3 mol%) in dichloromethane to
afford a red colored polymer, which was subsequently
washed with dichloromethane and 2-propanol. The resin
was immediately treated separately with the monomers 4 or
8 for 2 h and the polymerization reactions terminated with
ethyl vinyl ether, and the beads were washed with dichloro-
methane and diethyl ether. Both ROMPsphere reagents 14
and 15 were obtained with loadings of 1.45 and 1.80 mmol/g "
respectively as determined by an increase in mass and by
elemental analysis. We investigated the swelling properties
of the ROMPsphere salts 14 and 15 in a range of solvents
and observed significant swelling for both ROMPspheres in
dichloromethane, THF and DMF. Dichloromethane, as the
most volatile, was selected for amide and peptide synthesis.

2.3. Parallel synthesis of hindered amides and peptides

As previously discussed, both fluoroformamidinium and
2-bromopyridinium salts have proven to be effective coup-
ling reagents for formation of peptides from o, o-dialkylated
amino acids with minimal racemization. Thus we evaluated
the effectiveness of the ROMPgel 10 (Scheme 5, Table 1)
and the ROMPsphere reagents 14 and 15 (Scheme 6,
Table 2) in the purification-minimized parallel synthesis of
hindered amides and di-peptides containing the sterically
hindered Aib (a-aminoisobutyric acid). In several examples
of dipeptide synthesis, the degree of racemization was
determined using both the Anteunis test’> and Young’s
test.”> ROMPgel reagent 10 was suspended in

dichloromethane at room temperature and allowed to react
with ethyldiisopropylamine and the acid component. After
ten minutes, a secondary amine was added and the resulting
mixture stirred at room temperature for 12 h. Pre-washed
Amberlite MB1 ion exchange resin was added and the
mixture shaken for a further 2 h. The suspension was
filtered, and the ROMPgel washed alternatively with
CH,Cl, and MeOH. Evaporation of the solvent afforded
the desired amides in reasonable yields and high purities
(Table 1, entries 1-5).

The ROMPsphere reagents 14 and 15 were suspended in
dichloromethane at —10 °C, and allowed to react with
ethyldiisopropylamine (3 equiv), an N-protected amino acid
18 (0.5equiv) and an amino ester hydrochloride 19
(0.5 equiv) at 25 °C for 12 h. Pre-washed Amberlite MB11
ion exchange resin was added and the mixture shaken for a
further 2 h. The suspension was simply filtered, washed with
dichloromethane and methanol to afford the corresponding
di- and tri-peptides 20 (Scheme 6, Table 2). The reactions
could also be very effectively performed in Bohdan
Miniblocks: the peptide-coupling was performed in one
block and afterwards the liquid reaction components were
transferred in parallel into a second block containing the ion
exchange resin. After agitating the resin for further 1 h, the
solution was free of salt by-products and the pure dipeptides
20 were released into a deep well Miniblock and evaporated.
The preparation of C**-disubstituted peptides was shown to
be extremely effective in terms of reaction time, yields and
purities, as exemplified in by 20b, 20c, 20d, 20g and 20h.
The results in Table 2 indicate that there is little difference
in term of yield and purity when using the ROMPsphere
reagents 14 or 15. In several cases the Anteunis test was
conducted at —78 °C using ethyldiisopropylamine as the
base and samples were taken after 10 min, 1 h and finally
12 h and the DL values were determined by HPLC using a
protocol described by Li and Xu.** Unfortunately, complete
epimerization was observed after only 10 min reaction using
the ROMPsphere reagents 14 and 15 (Table 2, entries 9 and
10). Changing the base for the peptide-coupling from
ethyldiisopropylamine to a weaker base such as 2,6-lutidine
or N-methylmorpholine failed to suppress complete
epimerization. Our optical rotation values for the coupling
of Z-Gly and PheOEt were shown to be zero (Table 2, entries 1
and 2). These unexpected results were possibly due to slow

Table 2. Yields and purities of dipeptides 20 synthesized using ROMPspheres 14 or 15

Entry Dipeptide 18 19 ROMPsphere % Yield" % Purity®
1 20a Z-Gly (L)-Phe-OEt -HC1 14 96 95°¢
2 20a Z-Gly (L)-Phe-OEt -HC1 15 86 87°
3 20b Boc-Aib Gly-OEt -HCl 14 97 98
4 20c Z-Gly Aib-OMe-HCl 14 97 98
5 20c Z-Gly Aib-OMe-HCl 15 84 96
6 20d Boc-Aib Aib-OMe-HCl 14 90 98
7 20e Z-(L)-Leu Gly-OEt-HCl 14 89 92¢
8 20e Z-(L)-Leu Gly-OFEt-HCl 15 92 944
9 20f Z-Gly-(L)-Phe (L)-Val-OMe-HCl 14 95 90¢
10 20f Z-Gly-(L)-Phe (L)-Val-OMe-HCl 15 87 87¢
11 20g N-Fmoc-Aib Gly-OEt-HC1 15 85 88
12 20h N-Fmoc-Aib (L)-Ala-OEt-HC1 15 80 89¢

# Isolated yields.

® Purity as determined by 'H NMR.>*

¢ Product completely racemized (epimerized).

4 Extent of racemization not determined.
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diffusion of the amine to the ROMPsphere immobilized
activated acid thereby facilitating racemization. In spite of
this limitation, the ROMPsphere coupling reagents 14 and
15 are valuable in the parallel synthesis of hindered peptides
containing a,o-disubstituted amino acid residues (Table 2,
entries 3—6 and 11).

3. Conclusions

We have demonstrated the utility of a ROMPgel-supported
fluoroformamidinium hexafluorophosphate, a ROMP-
sphere-supported fluoroformamidinium hexafluoro-phos-
phate and a ROMPsphere-supported N-ethylpyridinium
tetrafluoroborate for the parallel synthesis of hindered
amides with minimal purification. The approach, whilst
useful for hindered peptides containing a,c-disubstituted
amino acid residues, it is unsatisfactory for standard
peptide-coupling reactions on account of racemization.

4. Experimental
4.1. General

All reactions were carried out in an atmosphere of dry
nitrogen or argon at room temperature unless otherwise
stated. Reaction temperatures other than room temperature
were recorded as bath temperatures unless otherwise stated.
Flash chromatography was carried out on BDH silica 60,
230-400 mesh ASTM (eluants are quoted in parenthesis).
Analytical thin-layer chromatography (TLC) was per-
formed on Merck precoated silica 60 F,s4 plates. Hexanes
refers to redistilled alkanes with bp 40-60 °C. Dichloro-
methane (CH,Cl,) and tetrahydrofuran (THF) were purified
by distillation under N, respectively from CaH, and Ph,CO/
K, All other organic solvents and reagents were obtained
from commercial sources and used without further
purification. Organic extracts were concentrated using a
rotary evaporator at <40 °C bath temperature. Non volatile
oils and solids were vacuum dried at <2 mm Hg. Bohdan
miniblocks with 8 mL glass reactors with bottom filtration
and the option for transfer from one block to the other were
used for parallel reactions.

4.1.1. 5-(Methylaminomethyl)bicyclo[2.2.1]hept-2-ene
(2).5° MeNH, in THF (2.0 M; 65 mL, 132 mmol) was
added to aldehyde 1 (8.0 g, 66 mmol), Et;-O (50 mL) and
4 A molecular sieves (8.0 g) at 0 °C. The mixture was stirred
for 2 h, filtered and rotary evaporated to afford the imine as
an oil, which was dissolved in MeOH (100 mL) and NaBH,4
(3.7 g, 99 mmol) was added in portions at 0°C. After
stirring at 25 °C for 4 h, the mixture was rotary evaporated
to afford a residue, which was portioned between CH,Cl,
and hydrochloric acid (2 M; 66 mL). The aqueous solution
was basified to a pH 8-9 and extracted with CH,Cl,. The
combined organic phases were dried (Na,SO,4) and rotary
evaporated to afford 2 (8.1 g, 90%) as a pale yellow oil; IR
(thin film) 3291, 1623, 1468, 1447, 1341, 1150, 718 cm ™ .
"H NMR (300 MHz, CDCl;) 6 6.08-5.88 (m, 2H), 2.80—
2.74 (m, 2H), 2.57-2.54 (m, 1H), 2.41-2.36 (m, 3H),
2.34-2.14 (m, 2H), 1.85-1.77 (m, 1H), 1.28-1.10 (m, 3H),
0.50-0.46 (m, 1H); '°C NMR (75 MHz, CDCl3) 6 137.2,
132.1,56.7,49.5, 44.3, 42.3, 39.1, 36.8, 30.6; MS (CI, NH3)

miz 138 (M+H)"; HRMS (CI, NH;) caled for CoH;eN
(M+H)", 138.1283; found: M+H)™, 138.1280.

4.1.2. N-(Bicyclo[2.2.1]hept-5-en-2-ylmethyl)-N,N',N'-
trimethylurea (3). Dimethyl-carbamoyl chloride (4.7 g
44 mmol) was added slowly with stirring to amine 2
(6.0 g, 44 mmol) in THF (250 mL) and Et;N (12.2 mL,
88 mmol) at 25 °C. After 3 h, the reaction mixture was
filtered through Celite and silica gel and rotary evaporated
to afford a residue. Chromatography (hexane/Et,O 2:1) gave
urea 3 (8.2 g, 89%) as a yellow oil: R; 0.14 (EtOAc/hexanes
2:3); IR (thin film) 1644, 1495, 1461, 1382, 1343, 1260,
1123, 1112, 1063, 782, 719 cm™'; '"H NMR (300 MHz,
CDCl3) 6 6.09 (dd, J=5.3, 2.8 Hz, 1H), 5.84 (dd, J=5.3,
2.8 Hz, 1H), 3.20 (m, 1H), 2.85 (dd, J=2.6, 7.7 Hz, 2H),
2.75 (br s, 3H), 2.74 (br s, 6H), 2.36 (m, 1H), 1.76 (m, 1H),
1.36 (m, 1H), 1.29-1.18 (m, 2H), 0.48 (m, 1H); '*C NMR
(75 MHz, CDCl3) 6 165.4, 137.3, 132.3, 54.1, 49.5, 44.4,
42.2, 38.6, 37.4, 37.3, 30.0; MS (CI, NH3) m/z 209 M +
H)"; HRMS (CI, NH;) caled for C;,H,N,O (M+
H)*209.1654; found: (M+H)", 209.1645. Anal. calcd
for C;,H,oN,O: C, 69.19; H, 9.68; N, 13.45. Found: C,
69.39; H, 9.84; N, 13.12.

4.1.3. N-(Bicyclo[2.2.1]hept-5-en-2-ylmethyl)-N,N',N'-
trimethylfluoroform-amidinium hexafluorophosphate
(4). Oxalyl chloride (1.0 mL, 11.5 mmol) was added
dropwise to the urea 3 (2.1 g, 10 mmol) and DMF (75 uL)
in CH,Cl, (10 mL) at 25 °C. After 1h, the solution was
heated to reflux for 4 h when rotary evaporation gave the
crude chloroformamidinium salt. KPF¢ (2.2 g, 12.0 mmol)
and KF (0.56 g, 10.0 mmol) in MeCN (10 mL) were added
and the mixture was stirred for 48 h. The suspension was
filtered and the filtrate was concentrated in vacuo to afford a
residue. Recrystallization from CH;CN and Et,O gave the
salt 4 (2.3 g, 64%) as a white solid: mp 91-93 °C; IR (solid)
1647, 1473, 1457, 1412, 1398, 1245, 1058, 833, 726 cm ™ ';
"H NMR (300 MHz, CDCl5) 6 6.32 (m, 1H), 5.92 (m, 1H),
3.80-3.60 (m, 1H), 3.42 (br s, 3H), 3.41 (br s, 6H), 2.91 (br
s, 1H), 2.84 (br s, 1H), 2.54 (m, 1H), 2.00-1.98 (m, 1H),
1.59-1.55 (m, 1H), 1.38-1.36 (m, 1H), 1.24-1.16 (m, 1H),
0.60-0.56 (m, 1H); '*C NMR (75 MHz, CDCl3) 6 159.4,
139.5, 131.0, 61.1, 49.9, 44.6, 44.5, 43.2, 42.4, 37.4, 30.1;
MS (FAB +)m/z211 (M*); HRMS (FAB +) m/z calced for
CoHy0FN, (M ™T), 211.1611; found: M), 211.1614.

4.1.4. 2-Bromo-5-iodopyridine (6). n-BuLi in hexanes
(2.5M; 7.00 mL, 17.5 mmol) was added dropwise to 2,5-
dibromopyridine 5§ (3.76 g, 15.9 mmol) in THF (190 mL) at
—78°C and the mixture stirred for 40 min. ICH,CH,I
(5.78 g, 20.5 mmol) in THF (25 mL) was added and the
mixture was allowed to warm up to 25 °C over 12 h. The
solution was diluted with H>O and Et,O (1:1, 300 mL) and
the aqueous phase was extracted with additional Et—0 (4 X
50 mL). The combined organic phases were washed with
Na,S,04 (100 mL) and brine (100 mL), dried (Na,SO,4) and
rotary evaporated to afford a yellow solid. Chromatography
(hexanes/CH,Cl, 4:1) gave iodide 6 (3.2 g, 69%) as a white
solid: mp 119 °C (EtOH); IR (film) 1544, 1439, 1354, 1278,
1141, 1086, 994, 911, 828, 716, 666, 624 cm ™~ '; "H NMR
(300 MHz, CDCl3) 6 8.60 (d, J=2.0 Hz, 1H), 7.82 (dd, J=
2.0, 8.3Hz, 1H), 7.28 (d, J=83Hz, 1H); '*C NMR
(75 MHz, CDCls) ¢ 156.2, 146.6, 145.5, 130.0, 91.8; MS
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(EL, miz) 283 (M'T), 237, 204, 156, 127; calcd for
CsH;BrIN: (M*7), 282.8494; found: (M), 282.8497.
Anal. caled for CsH;BrIN: C, 21.15; H, 1.06; N, 4.93.
Found: C, 21.14; H, 0.95; N, 4.87.

4.1.5. 2-Bromo-5-(exo-bicyclo[2.2.1]hept-2-en-5-yl)pyri-
dine (7). Norbornadiene (3.0 mL, 28 mmol), (PhsP),-
Pd(OAc), (266 mg, 0.35 mmol), piperidine (2.1 mL,
21 mmol) and HCO,H (0.6 g, 0.5mL, 14 mmol) were
added to 2-bromo-5-iodopyridine 6 (2.0 g, 7.0 mmol) in
DMF (5 mL) and the suspension was slowly heated to 55 °C
and maintained at that temperature for 12 h. The solution
was diluted with H,O (100 mL) and extracted with Et,O
(3X50 mL). The combined organic phases were washed
with brine (200 mL), dried (Na,SO,), rotary evaporated and
chromatographed (hexane/EtOAc 97:3) to afford 7 (1.84 g,
66%) as a clear oil; IR (film) 1573, 1555, 1451, 1384, 1331,
1316, 1285, 1251, 1200, 1133, 1088, 1020, 1003, 947, 904,
827,776,733, 714,650 cm ™ '; "TH NMR (300 MHz, CDCl5)
08.29 (s, 1H), 7.44 (m, 2H), 6.23 (m, 2H), 3.02 (s, 1H), 2.89
(s, 1H), 2.67 (t, J=6.7 Hz, 1H), 1.68 (dd, J=1.8. 6.7 Hz,
2H), 1.48 (s, 2H); '*C NMR (75 MHz, CDCl;) 6 149.8,
140.8, 139.0, 137.6, 136.8, 127.5, 47.9, 45.6, 42.4, 40.9,
33.6; MS (EI) m/z 250 (M' ), 184, 104. Anal. calcd for
C,H,BrN: C, 57.63; H, 4.83, N, 5.60. Found: C, 57.71, H,
471, N, 5.58.

4.1.6. 2-Bromo-5-(exo-bicyclo[2.2.1]hept-2-en-5-yl)-1-
ethylpyridinium tetrafluoroborate (8). Et;OBF, (874 mg,
4.60 mmol) in CH,Cl, (3 mL) was added dropwise to pyri-
dine 7 (1.1 g, 4.4 mmol) in CH,Cl, (3 mL) at 0 °C. After 3 h
at 25 °C, the solution was heated to reflux for 30 min. The
salt was precipitated upon the addition of Et,O (12 mL) at
0 °C, filtered and dried to afford salt 8 (1,36 g, 81%) as a
white solid: mp 174-176 °C (Et,0); IR (film) 1617, 1571,
1507, 1468, 1391, 1332, 1287, 1213, 1163, 1053, 903, 836,
797, 734, 713, 664 cm™'; '"H NMR (300 MHz, CDCl5) ¢
8.94 (s, 1H), 8.22 (m, 2H), 6.22 (m, 2H), 4.87 (q, J=7.2 Hz,
2H), 3.04 (s, 2H), 2.89 (t, J=6.7 Hz, 1H), 1.77 (m, 2H),
1.64 (t, J=7.2 Hz, 3H), 1.46 (s, 2H); '*C NMR (75 MHz,
CDCl5) 6 148.0, 147.1, 145.4, 138.1, 136.7, 133.7, 133.3,
59.4,47.9,45.6,42.7,41.5,33.7,15.5; MS (FAB ") m/z 278
M™), 212, 89, 77; caled for C4H,,BrN: (M ™), 278.0554;
found: (M), 278.0544. Anal. calcd for C,4H;7,BBrE,N: C,
45.94; H, 4.68; N, 3.83. Found: C, 45.87, H, 4.68; N, 3.78.

4.1.7. N,N' ,N'-Trimethylfluoroformamidinium hexafluor-
ophosphate functionalized ROMPgel (10). Catalyst 11
(2.7 mg, 3.17 pmol) in CICH,CH,Cl (0.25 mL) was added
to monomer 4 (225.8 mg, 0.63 mmol) and cross-linker 9
(24.9 mg, 0.09 mmol) in CICH,CH,Cl (1 mL). The mixture
was heated at 50 °C for 0.5 h and allowed to cool to 25 °C.
After 16 h, CH,Cl, (1 mL), CH3CN (0.5 mL) and ethyl vinyl
ether (0.5 mL) were added and the mixture heated to 50 °C for
1.5 h. After cooling, the mixture was cooled to 25 °C, filtered
and the ROMPgel extracted with CH,Cl, (3X20 mL), THF
(2X20 mL) and Et,0 (3X20 mL) followed by concentration
in vacuo to give ROMPgel 10 (252.4 mg, 100%) as a white
solid; IR (solid) 1640, 1457, 1407, 1250, 1099, 834 cm ™.
Anal. calcd for C]3.()4H2()A26P()A87F6.()9N1.74: C, 4553, H, 594,
N, 7.08. Found: C, 45.43; H, 5.80; N, 6.95.

4.1.8. Polystyrene-supported norbornene (13). endo/exo-
Bicyclo[2.2.1]hept-5-en-2-ylmethanol (12) (2.5 g, 20 mmol)
and KH (0.8 g, 20 mmol) were added to Merrifield resin
(Polymer Labs, 75-150 pm, 0.9 mmol/g— l; 10 g) in DMF
(100 mL). The mixture was heated at 60 °C for 16 h,
quenched with MeOH and filtered, washed with DMF (3 X
30 mL), CH,Cl, (3X30 mL) and MeOH (3 X30 mL) and
dried to afford resin beads 13 (10.6 g, 76%, 0.65 mmol/g 1);
IR (film) 1094, 1017, 857, 819 cm™ !, Anal. calcd: C, 89.96,
H; 7.82. Found C, 89.99; H, 7.98.

4.1.9. ROMPsphere-supported fluoroformamidium hexa-
fluorophosphate (14). Resin 13 (1.00 g) was suspended in
CH,Cl, (9 mL) and agitated for 15 min, the solvent was
removed by decantation and catalyst 11 (255 mg, 3 mmol)
in CH,Cl, (1.5 mL) was added and agitation continued for
45 min. The resin was thoroughly washed with CH,Cl, and
2-PrOH, suspended in CH,Cl, (10 mL) and monomer 4
(3.00 g, 14 mmol) in CH,Cl, (15 mL) was added. After
agitating for 3 h, the resin was washed with CH,Cl, and
Et,O (3X3mL) and dried to yield the ROMPsphere
supported reagent 14 (2.0 g, 1.45 mmol). Anal. caled C,
62.36; H, 6.70, N, 3.93. Found C, 62.7; H, 6.86; N, 3.52.

4.1.10. ROMPsphere-supported 2-Bromo-1-ethylpyridi-
nium tetrafluoroborate (15). The resin 13 (200 mg) was
suspended in CH,Cl, (6 mL) and agitated for 15 min, the
solvent was removed by decantation and catalyst 11 (60 mg,
0.6 mmol) in CH,Cl, (1.5 mL) was added and agitation
continued. After 15 min, the resin was further diluted with
CH,Cl, (6 mL) and agitated for an additional 1h, and
thoroughly washed with CH,Cl,. Monomer 8 (600 mg,
1.6 mmol) in CH,Cl, (3 mL) was added to the resin and
agitation continued for 12 h. The resin was washed with
CH,Cl, and Et,O (3X3mL) and dried to yield the
ROMPsphere reagent 15 (636 mg, 1.8 mmol/g™'); IR
(film) 1733, 1499, 1288, 1052, 864 cm ™~ L. Anal. caled C,
57.95; H, 5.54; N, 2.75. Found C, 58.37; H, 5.93; N, 2.31.

4.2. General procedure for amide synthesis using
ROMPgel reagent 10

i-Pr,NEt (3 equiv) was added to acid 16 (0.07-0.11 mmol)
and ROMPgel 10 (2 equiv) in CH,Cl, (0.5 mL). After 0.5 h,
piperidine (6.9-11.0 uL; 1 equiv) was added and the
mixture shaken for 12 h. Amberlite MB1 ion exchange
resin was added and the mixture shaken for a further 3.5 h.
Filtration and rotary evaporation gave amide 17e°°
(22.2 mg, 81% yield, 88% purity): mp 85.5-87.5.0 °C;
1it™ 86-87 °C.

4.2.1. 12-Isopropyl-2,6-dimethyltricyclo[8.4.0.0]tetra-
deca-1(14),10,12-trien-6-yl-piperidinomethanone (17a).
(24.0 mg, 87% yield, 88% purity) as a clear yellow oil: Ry
0.60 (EtOAc/hexanes 1:1); IR (CHCl3) 1625, 1457, 1409,
1247, 1120, 1012, 910 cm ™~ '; 'H NMR (300 MHz, CDCl)
6 7.17 (d, J=8.0 Hz, 1H), 7.00 (d, J=7.6 Hz, 1H), 6.91 (s,
1H), 3.66-3.52 (m, 4H), 3.03-2.94 (m, 1H), 2.91-2.79 (m,
2H), 2.35-2.26 (m, 2H), 1.84-1.30 (m, 13H), 1.33 (s, 3H),
1.24 (s, 3H), 1.23 (s, 3H), 1.21 (s, 3H); '*C NMR (75 MHz,
CDCly) 6 176.9, 147.1, 145.5, 135.2, 127.0, 124.1, 123.6,
47.0, 46.7, 45.2, 44.7, 37.6, 37.5, 35.2, 33.4, 30.7, 26.2,
25.5, 24.7, 23.9, 22.1, 18.9, 15.7; MS (CI, NH3) m/z 368
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(M+H)"; HRMS (CI, NH;) caled for C,sH3gNO (M +
H)™", 368.2953; found: M+H) ™, 368.2952.

4.2.2. 1-[(1-Methylcyclohexyl)carbonyl]piperidine (17b).
(14.9 mg, 98% yield, 97% purity) as a clear colorless oil: R¢
0.50 (EtOAc/hexanes 1:1); IR (CHCl3) 1696, 1629, 1592,
1448, 1127, 1104, 1014 cm ™~ '; "TH NMR (300 MHz, CDCl5)
0 3.56 (m, 4H), 2.04-2.01 (m, 2H), 1.64-1.16 (m, 14H),
1.23 (s, 3H); *C NMR (75 MHz, CDCly) 6 173.4, 46.4,
44.6, 37.1, 35.1, 26.3, 26.0, 25.6, 24.8, 24.2, 23.1, 22.9,
15.7; MS (CI, NH3) m/z 210 (M+H)™; HRMS (CI, NH;)
calcd for C;3H,4,NO (M+H)*210.1858; found: M+H) ™,
210.1859.

4.2.3. 1-(3-Methyl-2-phenylbutanoyl)piperidine (17c).
(12.5 mg, 73% yield, 88% purity) as a clear yellow oil; R¢
0.50 (EtOAc/hexanes 1:1); IR (CHCl3) 1639, 1442, 1247,
1221, 1138, 1108, 1016, 772, 700cm™'; 'H NMR
(300 MHz, CDCl3) 6 7.33-7.18 (m, 5H), 3.53-3.37 (m,
4H), 3.31 (d, /=10.0 Hz, 1H), 2.51-2.41 (m, 1H), 1.58-
1.35 (m, 5H), 1.10-1.07 (m, 1H), 1.01 (d, J=6.4 Hz, 3H),
0.66 (d, J=6.8 Hz, 3H); '>°C NMR (75 MHz, CDCls) 6
171.3, 139.5, 128.5, 128.4, 126.7, 56.2, 46.8, 43.2, 31.9,
26.3, 25.5, 24.6, 22.3, 20.4; MS (CI, NH3) m/z 263 M+
NH,) 7246 (M+H) " ; HRMS (CI, NH3) calcd for C;¢H,,NO
(M+H)*246.1858; found: M+H) ™, 246.1850.

4.2.4. 1-(3,3-Dimethyl-2-phenylbutanoyl)piperidine
17d). (17.5 mg, 95% yield, 90% purity) as a white solid:
R; 0.80 (EtOAc/hexanes, 1:1); mp 73.0-75.0 °C; IR
(CHCl3) 1620, 1456, 1437, 1264, 1136, 1016, 850,
737 cm~ ' '"H NMR (300 MHz, CDCl3) 6 7.35-7.21 (m,
5H), 3.64-3.58 (m, 1H), 3.56 (s, 1H), 3.43-3.32 (m, 3H),
1.58-1.35 (m, 6H), 1.04 (s, 9H); '*C NMR (75 MHz,
CDCl3) 6 171.0, 137.4, 130.2, 127.8, 126.6, 57.1, 47.3, 42.8,
34.8, 28.3, 26.1, 25.6, 24.6; MS (CI, NH3) m/z 260 (M +
H)"; HRMS (CI, NH;) caled for C;7H,sNO (M+
H)*260.2014; found: M+H) ™", 260.2014.

4.3. General procedure for dipeptide synthesis using
ROMPsphere reagents 14 and 15

ROMPspheres 14 or 15 (0.4 mmol) and “°Pr,NEt (104 pL,
0.6 mmol) were added to the N-protected a-aminoacid 18
(0.2 mmol) and the hydrochloric salt of the a-aminoester 19
(0.2 mmol) in CH,Cl, (1 mL) and the mixture was shaken
for 12 h at 25 °C. Amberlite MB11 (ion exchange resin,
0.5g) was added and shaking continued for 1h. The
suspension was filtered and the remaining solid was
subsequently washed with CH,Cl, (2X2 mL) and MeOH
(2X2mL) and rotary evaporated to afford the desired
peptide 20: N-Cbz-Gly-L-Phe-OEt (20a)°” (71 mg, 96%);
Boc-Aib-Gly-OEt (20b)°® (56 mg, 97%); Boc-Aib-Aib-
OMe (20d)*° (54 mg, 90%); N-Cbz-L-Leu-Gly-OEt
(20e)°° (15mg, 89%); N-Cbz-Gly-L-Phe-L-Val-OMe
(206)** (89 mg, 95%).

4.3.1. Z-Gly-Aib-OMe (20c). (60 mg, 97%); IR (film)
3331, 1731, 1670, 1533, 1457, 1387, 1274, 1153, 1051, 978,
698 cm ™~ '; "H NMR (300 MHz, CDCl5) 6 7.31 (br s, SH),
6.71 (br s, 1H), 5.55 (br s, 1H), 5.11 (s, 2H), 3.84 (d, J=
5.2 Hz, 2H), 3.71 (s, 3H), 1.52 (s, 6H); ">°C NMR (75 MHz,
CDCl5) 6 174.8, 168.2, 156.6, 136.1, 128.6, 128.2, 128.0,

67.3, 56.6, 52.7, 44.6, 24.7; HRMS (CI", NH,) calcd for
C;sHyN,O5: (M+H)™", 309.1458; found: (M+H)™,
309.1451.

4.3.2. N-Fmoc-Aib-Gly-OEt (20g). (67 mg, 85%); IR
(film) 3343, 1715, 1669, 1524, 1449, 1254, 1191, 1091,
909, 824, 736 cm ™~ '; '"H NMR (300 MHz, CDCl5) 6 7.80 (br
d, J=72Hz, 2H), 7.62 (d, J=7.2 Hz, 2H), 741 (t, J=
7.2 Hz, 2H), 7.32 (t, J=7.2 Hz, 2H), 6.10 (br s, 1H), 5.31
(br s, 1H), 4.23 (m, 3H), 4.13 (g, J=7.1 Hz, 2H), 3.89 (m,
2H), 1.54 (s, 6H), 1.29 (t, J=7.1 Hz, 3H); *C NMR
(75 MHz, CDCl3) 6 174.8, 170.2, 156.2, 143.7, 140.5,
128.1,127.4,123.2, 120.1, 66.9, 61.9, 56.8, 47.6, 42.9, 25.8,
255, 145, HRMS (CIJr, NH4) calcd for C23H26N205:
(M" ), 410.1842; found: (M" 1), 410.1844.

4.3.3. N-Fmoc-Aib-L-Ala-OEt (20h). (65 mg, 80%); IR
(film) 3343, 1731, 1655, 1522, 1449, 1254, 1153, 1090, 910,
735 cm ™~ '; "TH NMR (300 MHz, CDCl5) 6 7.80 (br d, J=
7.2 Hz, 2H), 7.62 (d, J=7.2 Hz, 2H), 7.41 (t, J=7.2 Hz,
2H), 7.32 (t, J=7.2 Hz, 2H), 6.72 (br s, 1H), 5.34 (br s, 1H),
4.55 (m, 1H), 4.43 (m, 2H), 4.23 (m, 3H), 1.55 (s, 6H), 1.41
(d, J=6.57 Hz, 3H), 1.28 (m, 3H); >°C NMR (75 MHz,
CDCly) 6 174.2, 173.3, 155.4, 144.3, 141.7, 128.1, 127.4,
125.4, 120.1, 66.9, 61.9, 57.2, 47.6, 42.9, 25.5, 18.7, 14.5;
MS (CIt, NH,) 58 (32), 118 (86), 179 (78), 198 (89), 203
(40), 229 (15), 299 (14), 340 (340), 357 (94), 425 (6) HRMS
(CI'", NH,) calcd for Co4HogN,Os: (M™% 424.1998;
found: (M" 1), 424.2001.
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Abstract—New polystyrene-bound perfluoroalkyl sulfonic acids and their ytterbium salts have been prepared. Multicomponent reactions
(MCRs) for the efficient synthesis of homoallylic amines or amides catalyzed by the polystyrene-bound perfluoroalkyl sulfonic ytterbium

salts are reported.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer-bound catalysts and reagents have attracted much
attention of researchers in the development of economically
and environmentally benign organic synthesis." Up to now,
several polymer-bound super Brgnsted acids and Lewis
acids (such as 1,77 2,24 3,%° 4,2 52¢) have been reported to
be useful in organic reactions (Scheme 1). Other ways
similar to polymer attachment such as microencapsulated
and perfluorous chain ‘immobilized’ Lewis acids (6 and 7)
were also reported.® Perfluororesinsulfonic acid such as
Nafion is one of the most famous immobilized super acids
superior to conventional resin sulfonic acids such as
sulfonated polystyrenes in its catalytic activity, thermal
stability and chemical resistance.’*? However, its low
swelling in non-protic organic solvents leads to its
compromised reactivity in some cases.* On the other
hand, the commercially available polystyrene can be
efficiently swollen by both polar and non-polar organic
solvents.” Merrifield type resins, the cross-linked chloro-
methyl polystyrenes, are widely developed for polymer-
bound catalysts.® Up to now, polystyrene-bound super
Brgnsted acid 5 is believed to be the strongest acid among
the known solid acids.?®” In light of the Brgnsted acidity
order reported in AcOH (TfOH>Tf,NH > Tf;CH),®

Keywords: Lewis acid; Merrifield resin; Polymer-bound.
* Corresponding author. Fax: +86 21 641 66128.;
e-mail: zhaog@pub.sioc.ac.cn

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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therefore, development of new polymer-bound super
Brgnsted acids and Lewis acids is still desirable.

Recently, multicomponent reactions (MCRs) have received
increasing attention due to their diversity-oriented synthetic
methodology for the rapid generation of small molecules
libraries.” MCRs have been also considered as one of the
most efficient methods to construct complex molecules from
simple starting materials in a single operation. Multi-
component coupling reactions to produce homoallylic
amines has attracted much attention because they are as
key structural moieties in a variety of important naturally
occurring compounds and pharmaceuticals. Addition of
allylstannane reagents to imines catalyzed by Lewis acids
has been widely investigated. The first addition of
allylstannane with imine catalyzed by Ln(OTf);3 in organic
solvents was reported in 1995, which afforded moderate
yield in 24 h.'°* In 1998, both Kobayashi’s and Akiyama’s
groups reported one-pot reaction catalyzed by 20 mol% of
scandium triflate.'®®"" In the same year, Greeves et al.
reported Yb(OTf); catalyzed allylation of aldehydes with
the accelerating co-catalyst of benzoic acid using only
2 mol% of Yb(OTf); in CH;CN in much shorter time.'%
They also reported the synthesis of homoallylic alcohols and
amines catalyzed by La(OTf)s/benzoic acid in 2002.'% The
authors suggested that the Brgnsted acid of Ph\COOH was
not only simply regenerating the catalyst but also the
Brgnsted acid and the Lewis acid working together as a
combined catalyst to produce a ‘double activation’. Recent
developments in this area deal with imines activation by
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Scheme 1. Typical immobilized super Brgnsted acids and their metal salts.
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2,
6
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n=6,9

Scheme 2.

chlorotrimethylsilane or acid chloride, catalytic Pd(Il) or
Pt(Il) complex, NdCls, montmorillonite and other Lewis
acids.'” Herein, we would like to report the synthesis of
polystyrene-bound super Brgnsted acids 8, 9 and their
ytterbium salts, 10 and 11 (Scheme 2), and the highly
efficient one-pot multicomponent coupling reactions for the
synthesis of homoallylic amines and amides catalyzed by
polystyrene-bound perfluoroalkyl sulfonic ytterbium.

, 10
11

n=2
n= 6,

2. Results and discussion

2.1. Synthesis of polystyrene-bound perfluoroalkyl
sulfonic acids and their ytterbium salts

We began our synthesis with addition reaction of
perfluoroalkyl iodide 14 or 15 to the Merrifield resin allyl-
PS 13" accomplished by sodium dithionite and radical

|
e L PN L g~ A (CFOCFS0F
n=2,16
12 13 I(CF,)nO(CF,),SO,F n=6 17
n=2,14
n=6,15
_°. Q- (CF2O(CF2)S05F d Q" (CF2O(CF)S0sH
n=2,18 n=2,8
n=6,19 n==6,9

- O/\/\/(CFz)nO(CFz)zsos 3Yb

(PSRf, SO3)3Yb = Yb-PSRf,,
m=1-4, n=2,10 n=6, 11
Scheme 3. Reaction conditions: (a) Ref. 7, Merrifield resin, 100—200 mesh (or 200—400 mesh), 1 or 2% DVB cross-linker; (b) BPO, toluene, 110-120 °C;

(c) Bu3SnH, AIBN (cat.), THF, reflux, 24 h; (d) (i) NaOH, 1N, THF/H,O, room temperature, overnight; (ii) I N HNOs, rt, 8 h; (e) (i) Na,SO, (satd); (ii) YbCl;
(aq), room temperature, overnight.
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initiators.'* Sulfinatodehalogenation reaction was first
investigated because of its hisgh efficiency for various
alkenes had been reported.’**!> The addition reaction of
polyfluoro sulfonyl fluoride 14 (or 15) (3 equiv) with 13 was
carried out in CH5;CN/H,O (v/v:1:1) monitored by IR
spectrometry and '’F NMR in the presence of Na,S,0, and
NaHCO; under reflux. Unfortunately, no addition reaction
occurred even with prolonged reaction time. Poor swelling
of the Merrifield resin in the aqueous solvent might account
for this result (Scheme 3).

So, we tried to carry out the radical addition using the
initiator of AIBN or BPO. The radical initiators most
commonly used dissolve easily in CH,Cl,, THF and
toluene, which swell the Merrifield resin well. In 1993,
Burton et al. reported the synthesis of partially fluorinated
phosphonic/sulfonic acids using addition of I(CF,),OCF,-
CFQSOzF or I(CF2)20CF2CF2802 to (EtO)QP(O)CHQOCHQ-
CH=CH, initiated by BPO.'*" Using this method, we
employed 1-20 mol% of freshly recrystallized BPO, 13(1 or
2% DVB cross-linker) and 3 equiv of 14 or 15 in dry
toluene. After gas exchange for three times with nitrogen,
the mixture was heated in oil bath at 110-120 °C. IR
spectrum indicated that the more BPO (1, 5, 10 and
20 mol%) used, the weaker the absorption of the C-C
double bond, but far from complete conversion yet.
Using100 or 200 mol% of BPO, the C—C double bond of
resin almost disappeared completely in 24 h in toluene.
However, this was unpractical method. To find the
optimized conditions, we focused on carefully degassing
of the reaction mixture because radical reaction is sensitive
to oxygen. After dry nitrogen is bubbled through the mixture
of 20 mol% of BPO and 3 equiv of perfluoroakyl iodide in
toluene for 1 h, the mixture was stirred at 110-120 °C for
6 h, a second portion of BPO (20 mol%) was added to
complete the reaction during another 20 h at 120 °C. The
next step was to remove the iodide of the polymer. Although
zinc powder is cheap and widely used for the reduc-
tion,*®!3 the reduction of polymer 16 (or 17) was run in the
mixture of THF/i-PrOH using activated zinc powder with or
without adding AcOH for longer reaction time, only a slight
amount of the iodide was reduced to be indicated by
elemental analysis. Bu3;SnH as a candidate was employed to
perform the reduction according literature.'® As a result,
polymer 16 (or 17) was completely reduced by 3 equiv of
Bu;SnH in the presence of catalytic amount of AIBN in
THF under reflux (elemental analysis, /<0.5 wt%). The
resulting polymer was filtrated and washed, and dried
polymer 18 (or 19) gave comparable loading of F and S. 18

Table 1. Yb-resins prepared from different resins and ytterbium chloride

Table 2. Three-component coupling reaction of benzaldehyde, aninline and
tributylallylstannane catalyzed by different Yb-resins®
HN /©

CHO  NH, Yb-PS;-Rfg
snB PhCOOH(1equiv)
G5 o 2
20a 2la 22a
Entry Yb-PS,,—Rf, (mol%) Time (h) Yield (%)°
1 Yb-PS;-Rf, (2.0) 0.5 93
2 Yb-PS,—-Rf, (1.0) 1.0 91
3 Yb-PS,—Rf, (0.5) 25 92
4 Yb-PS,-Rf, (0.3) 3.0 93
5 Yb-PS,-Rf, (0.1) 5.0 93
5 Yb-PS;-Rf; (0.05) 8.0 84
6 Yb-PS,-Rfs (0.1) 5.0 94
7 Yb-PS,-Rf; (0.1) 5.0 93
7 Yb-PS,—Rf¢ (0.1) 5.0 95
8 Yb-PS;-Rf; (0.1) 5.0 89
9 Yb-PS;-Rf; (0.1) 5.0 90
10 Yb-PS,—Rf, (0.1) 5.0 88
11 Yb-PS,—Rfg (0.1) 5.0 91

# Molar ratio: 20a:21a: allyltribuylstannane: PhCOOH: Yb-PS,,—Rf,,(10 or
11)=1.0:1.0:1.1:1.0:0.1.
® Isolated yield.

(or 19) was dispersed in THF, and NaOH solution was then
added slowly. It is noteworthy that the resin could not be
completely wetted by water. The mixture was stirred
overnight. After filtration, the g)olymer was redispersed in
water and acidified by HNO;."” After washing and drying,
elemental analysis of PS—SOs;H 8 (or 9) and IEC(H"
exchange capacity determined by titration according to Ref.
2e). Then, 8 (or 9) was dispersed in saturated Na,SO, and
several drops of THF to exchange all of the H . Washed till
the filtrate was neutral then redispersed in YbCl; solution
and stirred overnight. Loading of 10 (or 11) was determined
by titration (Table 1).%

2.2. One-pot multi-component reaction for synthesis of
homoallylic amines and amides catalyzed by polymer-
bound perfluoroalkyl sulfonic ytterbium

To evaluate the catalytic activity of the Yb-resins, we first
conducted the three-component coupling reaction of
benzaldehyde, aniline and tributylallylstannane in the
presence of 1equiv of benzoic acid (with respect to
benzaldehyde) at room temperature using the different Yb-
resins in CH3CN. The results are shown in Table 1. It was
found that the reaction underwent smoothly in the presence

Entry YD resin Merrifield resin used H™ exchange capacity Loading of Yb
(PS,,—Rf,S03);Yb (8 or 9, IEC: mmol/g)* (mmol/g)b
1 10a (Yb-PS,-Rf) 1% DVB, 0.95-1.05 mmol/g C1~, 100-200 mesh 0.69 0.21
2 11a (Yb-PS,-Rfs) 1% DVB, 0.95-1.05 mmol/g C1~, 100-200 mesh 0.46 0.13
3 10b (Yb—PS,-Rfy) 1% DVB, 2.8-3.0 mmol/g C1, 200-300 mesh 1.22 0.38
4 11b (Yb—PS,-Rf5) 1% DVB, 2.8-3.0 mmol/g C1, 200-300 mesh 0.92 0.28
5 10c (Yb-PS;—Rfy) 2% DVB, 0.98-1.02 mmol/g C1~, 100-200 mesh 0.67 0.21
6 11c (Yb-PS;-Rfs) 2% DVB, 0.98-1.02 mmol/g C1™, 100-200 mesh 0.57 0.16
7 10d (Yb—PS,—Rf,) 2% DVB, 2.8-3.0 mmol/g C1~, 200-400 mesh 1.20 0.36
8 10d (Yb-PS,—Rfe) 2% DVB, 2.8-3.0 mmol/g C1~, 200-400 mesh 0.86 0.26

? Determined by acid base titration.
® Determined by titration using EDTA (according to Ref. 2¢).
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of 0.1 mol% of Yb-PS,,—Rf, in CH;CN at room tempera-
ture. No big differences in the reaction yield were observed
for these Yb-resins (Table 2). The Yb—PS,—Rf, (11b) with a
cross-linked degree of 1% and a longer perfluoroalkyl chain
was the most effective to catalyze this reaction. Complete
conversion of the substrates could be achieved in 5h in
CH;CN. Further, we examined the reaction in other solvents
listed in Table 3. Reactions in other organic solvents other
than acetonitrile needed much longer time to complete.
A slight decrease in the yield was observed in the solvents
of DMF, CH,Cl,, and THF (Table 3, entries 1-3). Toluene,

Table 3. Effect of solvents on the reaction catalyzed by Yb—PS,—Rgs (11b)*

e

CHO  NH, Yb-PS,-Rfg
SnB PhCOOH(1equiv) N
nou. T E——
+ * NS CHLCN , rt.

20a 21a 22a
Entry Solvent Time (h) Yield (%)°
1 DMF 18 65
2 THF 18 81
3 CH,Cl, 18 72
4 Tulene 18 92
5 EtOH 10 94
5 H,O 8.0 90

# Molar ratio: 20a:21a: allyltribuylstannane: PhCOOH: Yb-PS,-Rfy
(11b)=1.0:1.0:1.1:1.0:0.1.
" Isolated yield.
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water or ethanol gave good yield. We presume that these
Yb-resins have amphiphilic property. Moreover, a number
of substrates were subjected to the optimized reaction
conditions to examine scope and limitation of this reaction.
Aromatic, aliphatic or o,B-unsaturated aldehydes were
found to undergo highly efficient conversions in high yields.
Substituted aromatic aldehydes and anilines with electron-
withdrawing substituents reacted somewhat faster (Table 4,
entries 2, 3, 6 and 12); cyclohexyl aldehyde reacted even
faster (Table 2).

The polymer bound catalysts could be recovered by simple
filtration. For example, Yb—PS,—R¢s (11b) was reused for
10 times in the reaction of benzaldehyde, aniline and
tributylallylstannane in the presence of 1 equiv of benzoic
acid in CH5CN (Table 5). No lost of activity was observed
for the recovered catalyst.

Then, we chose the one-pot four-component coupling
reaction of benzaldehyde, aniline, tributylallylstannane and
acrylic chloride in the presence of 1 equiv of benzoic acid
(with respect to benzaldehyde) at room temperature using
0.1-1 mol% Yb-PS,—Rss (11b) Yb-resins in CH3CN.
Thus, the three-component coupling of benzaldehyde,
aniline, tributylallylstannane is fast under the above
reaction conditions. When the aldehyde disappeared,
1.2 equiv of acrylic chloride (with respect to aldehyde)
was added. However, the homoallylic amine did not

Table 4. Three-component coupling reaction catalyzed by Yb-PS,-Rfy (11b) in CH;CN?*

Yb-PS,-Rfg R
PhCOOH(1equiv)  HN" 2
RICHO + RoNH, + A N\SMBus  —oo oo™ RN
20 21 22

Entry R, R, Time (h) Product Yield (%)°
1 Ph Ph 5.0 22a 95
2 p-F-Ph Ph 35 22b 93
3 p-Cl-Ph Ph 3.0 22¢ 90
4 p-Br-Ph Ph 4.0 22d 92
5 p-MeO-Ph Ph 6.5 22e 87
6 p-O,N-Ph Ph 3.0 22f 90
7 m-MeO-Ph Ph 5.5 22g 90
8 2-Furyl Ph 3.0 22h 86
9 c-Hexane Ph 2.0 22i 85
10 trans-PhCH=CH Ph 4.5 22j 89
11 Ph p-F-Ph 4.0 22k 90
12 Ph p-O,N-Ph 3.0 221 86
13 Ph p-MeO-Ph 6.0 22k 95

# Molar ratio: 20:21 : allyltribuylstannane: PhCOOH: Yb-PS,- Rfs(11b)=1.0:1.0:1.1:1.0:0.1.

® Isolated yield.

Table 5. Recycling of Yb—PS,—Rgs (11b)

g

CHO  NH, Yb-PS-Rf, . HN
s PhCOOH(1equiv)
nBuz ———— ~
+ + N 3 CH4CN, rt. @2\/\
20a 21a 22a
Run
1 2 3 4 5 6 7 8 9 10
Yield (%) 95 95 94 94 94 93 93 92 93 93
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Table 6. One-pot four component tandem reaction for synthesis of acrylic amide

Y. Yin et al. / Tetrahedron 61 (2005) 12042—-12052

GHO  NH. Yb-PS,-Rf
/\/SHBU3
+ + PhCOOH, CH3;CN
rt, T4
20a 21a
(0]
0]
~
rt, Ty
23a
Entry Yb-PS,—Rfg (mmol%) T, (h) T, (h) Acrylic chloride Yield (%)*
(equiv)
1 0.1 5 6 1.2 Trace
2 0.1 5 6 22 54
3 0.3 5 6 22 60
4 0.5 4 6 22 77
5 1.0 2 6 22 78
6 2.0 1 6 2.2 76

 Isolated yield.

disappear even after a long time. Only trace amide was
isolated (Table 6, entry 1). Water generated from the imine
in situ to destroy the acrylic chloride. So 2.2 equiv of
acrylic chloride was used and the yield increased to 54%

(Table 6, entry 2). With the increasing amount of catalyst
used, the allylation reaction finished in shorter time as
expected. Yield of the acylated product also improved a
little. Further increase of the catalyst loading to 2 mol%

o o]
e o
24 25
Rz _Cl o
Yb-PS,-Rfg \([)l/ Rg)J\N/RZ
Ri1CHO  + RyNH v NS )\/\
PhCOOH, CH3CN rt. Rq A
rt.
21 23

Cl

5

ki

O)\/\
23a 74% 23b 71%

B

23e 70% 23f 88%
| |
2 r a
©)\/\ ©)\/\
23i 79% 23j 39%

Scheme 4. Structures and yields of one-pot four-component reaction.
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71 >0
3 7 3 o
H H
26 44% yield 27 9% tield

Scheme 5.

gave no better result than 0.5 mol% of catalyst used
(Table 6, entries 4 and 6).

Having in hand the optimized conditions, a number of acid
chlorides were subjected to examine the scope and
limitation of the one-pot four-component reaction in the
presence of 0.5 mol% of Yb—PS,—Rys (11b). In view of the
synthetic usefulness of this reaction, para-methoxy aniline
was used as an amine component. The reactions were
carried out; the allylation step was a little slower when
para-methoxy aniline was used instead of aniline. To
ensure the complete conversion of reaction, acid chlorides
were added after 4 h and the acylation reaction proceeded
for 6 h. It turned out that aryl, heteroaryl or a,fB-
unsaturated aryl substituted acid chlorides produced the
a-substituted amides in good yield, while aliphatic
chlorides such as 24 and 25 reacted slowly to give the
poor yield (Scheme 4).

M‘ A ¢
" " Cc18
Cc15

L cis 03

02

Figure 1. X-ray structure of compound 26.

We finally investigated the product 231 of four-component
domino reaction in one operation for preparation of
polycyclic compound by raising the reaction temperature
through intramolecular Diels—Alder reactions to produce
compounds 26 and 27 in moderate yield (Scheme 5). An
X-ray diffraction analysis confirmed the structure and
stereochemistry of 26 in Figure 1. It is well known that
both Lewis acid and heating can promote Diels—Alder
reactions. To investigate either or both are playing in this
reaction, in the absence of Yb-PS,—Rfs (11b), pure 231
was subjected to Diels—Alder reaction. Without heating,
no intramolecular Diels—Alder reaction took place
(Scheme 5).

11b( 0.5 mol%) %
PhCOOH, 1 eq. o~

CHZCN, rt, 4h 1T, 6h, then, reflux
,15h

3. Conclusion

In summary, we have developed the synthesis of new
polymer-bound polyfluoroalkyl super Brgnsted acids and
their ytterbium salts. In addition, the polymer-bound-Yb
salts as Lewis acids catalyzed multicomponent reaction for
the synthesis of homoallylic amines and amides. These
heterogeneous catalysts are highly efficient, recyclable and
reusable.

4. Experimental

4.1. General

Melting point was recorded on a METTLER FP62 capillary
melting point apparatus and is uncorrected. The 'H NMR
(300 MHz), '>*C NMR (75 MHz) and '"F NMR spectra
(282 MHz) were recorded on a Bruker AMX-300 spectro-
meter. Chemical shifts are reported in é-units (ppm) and
J-values (Hz) with Me4Si and CF;COOH as the internal
standard. IR spectra were recorded with a Nicolet AV-360
spectrometer by films and disks. Mass spectra (EI) were
taken on an HP5898-A. Elemental analyses were performed
on a Carlo-Erba 1106. Merrifield resins were received from
Acros. Polyfluoroalkyl sulfonyl fluorides were obtained
from SIOC. All starting materials were used as received
unless otherwise stated. Column chromatography was
performed on silica gel 300-400 mesh (Yantai Chemical
Co. Ltd.).

4.1.1. Preparation of polystyrene-bound olefin 13 in
quantitative yield according to the literature."* To a dry
500 mL three-necked flask, dry Merrifield resin PS, 10.0 g
(estimated as 30.0 mmol, 2% DVB, 200400 mesh, 2.8—
3.0 mmol/g Cl) was suspended in dry THF 100 mL under
nitrogen. Ally magnesium chloride (0.80 M in Et,0,
160 mL, 128 mmol) was slowly added at 0-25°C in 1 h.
The reaction mixture was stirred at 50 °C for 20 h. After
cooling to room temperature, the mixture was quenched
with 100 mL of THF: 1 N HCI, the mixture was filtered.
The resin was washed successively with water, THF and
MeOH and dried in vacuo to give the polymer-bound olefin
9.83 g (yield %: 98.3%) IR (cm ™', KBr) 3079, 2920, 1941,
1639, 1601, 1493, 1451, 994, 758, 698. Elemental analysis:
C1<0.1%.
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4.1.2. Typical procedure for synthesis of polymer bound
super acid: addition of perfluoroalkyl chain. To a 250 mL
three-necked flask, dry allyl-PS; 13 5.0 g (estimated as
15 mmol, C1<0.5% by elemental analysis, derived from
Merrifield resin 2% DVB, 200-400 mesh, 2.8-3.0 mmol/g
Cl), BPO 725 mg (3 mmol, 20 mol%) and I (CF,)sO
(CF,),SO5F (15) 28.2 g (45 mmol, 3 equiv) were added in
dry toluene 100 mL under dry nitrogen. The mixture was
bulbed for 1 h and then stirred at 110-120 °C for 6 h. The
off-white dispersion turned to dark brown within 2 h.
Another portion of BPO (725 mg, 20 mol%) was added, and
the reaction mixture was stirred at 120 °C for another 20 h.
After cooling to room temperature, the mixture was filtered
and washed successively with water, EtOAc and THF till
the filtrate was colorless. Then filter cake was dispersed in
THF standing overnight, wash by THF, dried (P,Os) at
30 °C till no loss of weight was observed. 17(12.1 g, 85%
conversion) of yellowish power was obtained. Almost
complete consumption of the allylic C—C double bond was
indicated by IR spectrum. IR (cmfl, KBr) 3084, 2926,
1603, 1513, 1465, 1360, 1330, 1248, 1215, 1148, 1118, 991,
822, 699.

4.1.3. Reduction of iodide. To a 250 mL three-necked
flask, dry 17 10.3 g (estimated as 8.8 mmol), Bu;SnH 23.6 g
(31 mmol, 3.5 equiv) and AIBN 48 mg (0.3 mmol, 3 mol%)
were added in dry THF 60 mL under nitrogen. The mixture
was heated to reflux for 24 h; another portion of AIBN
(48 mg, 0.3 mmol) was added under reflux for another 24 h.
The reaction mixture was cooled to room temperature, the
mixture was filtered and the polymer was washed
successively with THF, THF/petroleum ether (1:1), EtOAc
and petroleum ether. Then, it was dried at 30 °C till no loss
of weight. 9.3 g of 19 was obtained as yellowish power. IR
(cm ™!, KBr) 3084, 2926, 1602, 1512, 1494, 1466, 1360,
1215, 1147, 1021, 822, 699; '°F NMR (282 MHz, CDCl5) 6
—121.5 (s, 1F), —4.0 to —10.0 (m, 4F), —35 to —55
(m, 12F). Elemental analysis: 7<<0.5 wt%, F: 28.6 wt%
(loading=0.8 mmol/g).

4.1.4. Preparation of sulfonic acid. To a 250 mL flask, dry
19 8.5 g (10.6 mmol, 0.8 mmol/g) was dispersed in 60 mL
of THF. And 12 mL of 1 N NaOH aq was added. The
mixture was stirred at room temperature for 4 h. Then, it
was filtered and washed by water till neutral. Redispersed in
15 mL of HNOj; (1 N), and stirred overnight. After filtration,
it was washed again by water till neutral. 8.0 g of yellowish
power was obtained. IR (cm_l, KBr) 3650, 3027, 2928,
1513, 1454, 1215, 1146, 760, 699. Elemental analysis: F:
28.52 wt%, S, 2.76 wt% (loading=0.86 mmol/g).

4.1.5. Preparation of ytterbium salt. Sodium salt of 8
2.0¢g, S, 2.76 wt%) was dispersed in 10 mL of YbCl; soln
(0.132 mmol/mL, titrated by EDTA) and H,O 10 mL, and
the mixture was stirred room temperature overnight. After
filtration, the resin was washed by water and EtOH,
respectively. The resin was dried overnight in vacuo at
65 °C in the presence of P,Os to afford 2.0 g. The combined
filtrated was diluted to 100, 5 mL of the diluted solution was
taken out and titrated by 0.004 M EDTA for three times.
9.9 mL of EDTA soln. was consumed by average. Thus,
loading of the polymer bound perfluoroalkyl sulfonic
ytterbium was calculated to be 0.264 mmol/g.

9.9X0.004X100/5=0.792 mmol. 0.132X10—0.792=
0.528 mmol. Loading of Yb=0.528/2=0.264 mmol/g

4.1.6. General procedure for three-component coupling
reaction. Aldehyde (10.0 mmol), amine (10.0 mmol),
benzoic acid (367 mg, 10.0 mmol) and [PS,-RSO5]5Yb
(11b) 2.8 mg (0.28 mmol/g, 0.1 mol%) and allyltributyl-
stannane (1.2 mL, 3.3 mmol) were mixed in CH;CN
(15mL), and it was stirred at room temperature. TLC
monitored the reaction. After filtration, the filtrate was
washed with saturated NaHCO; solution, extracted with
Et,O (3 X 10 mL). The combined extracts were dried over
Na,SO,. After removal of solvent at reduced pressure, the
residue was purified by flash chromatography to give
product 22.

N-(1-Phenylbut-3-enyl)aniline (22a)."® Yellow oil; 'H
NMR (300 MHz, CDCl;) 6 7.22-7.38 (m, 4H), 7.16-7.22
(m, 1H), 7.05 (t, J=7.5 Hz, 2H), 6.61 (t, J=7.4 Hz, 1H),
6.46 (d, J=17.5 Hz, 2H), 5.63-5.80 (m, 1H), 5.08-5.18 (m,
2H), 4.36 (dd, J=5.4, 8.1 Hz, 1H), 4.12 (s, 1H), 2.40-2.61
(m, 2H); IR (cm ™', film) 3412, 3054, 2965, 1639, 1602,
1504, 1316, 748, 700.

N-[1-(4-Fluorophenylbut-3-enyl)] aniline (22b). Yellow
oil; '"H NMR (300 MHz, CDCl3) 6 7.30 (dd, J=5.7,
8.7 Hz, 2H), 7.04 (t, J=7.5 Hz, 2H), 6.96 (t, J=9.0 Hz,
2H), 6.62 (t, J=6.9 Hz, 1H), 6.44 (d, J=7.8 Hz, 2H), 5.62—
5.80 (m, 1H), 5.10-5.20 (m, 2H), 4.36 (dd, J=5.4, 7.8 Hz,
1H), 4.12 (br s, 1H), 2.38-2.60 (m, 2H); *C NMR
(75.0 MHz, CDCl5) 6 163.6, 160.4, 147.3, 139.4, 139.3,
134.5, 129.3, 128.0, 127.9, 118.7, 177.7, 115.7, 115.4,
113.7,56.7, 43.5; "°’F NMR (282 MHz, CDCl3) 6 —38.3; IR
(em ™', film) 3413, 3052, 3020, 2979, 1639, 1603, 1505,
1429, 1315, 1221, 1155, 882, 750, 692; MS (m/z, %): 241,
(M™, 3.36), 200 (100), 77 (17.14). Anal. Calcd for
Ci1¢HFN: C 79.64, H 6.68, F 7.87, N 5.80; found C
79.40, H 6.77, F 7.85, N 6.13.

N-[1-(4-Chlorophenylbut-3-enyl)Janiline (22¢)."® Yellow
oil; "TH NMR (300 MHz, CDCls) 6 7.28 (s, 4H), 7.06 (t,
J=17.5Hz, 2H), 6.64 (t, J=7.5 Hz, 1H), 6.42 (d, J=7.5 Hz,
2H), 5.64-5.80 (m, 1H), 5.12-5.20 (m, 2H), 4.36 (dd, J=
5.7, 8.1 Hz, 1H), 4.14 (br s, 1H), 2.36-2.60 (m, 2H); IR
(cm™ !, film) 3415, 3079, 3052, 2925, 1639, 1603, 1504,
1316, 1190, 921, 824, 750, 692.

N-[1-(4-Bromophenylbut-3-enyl) Janiline (22d).*° Yellow
oil; "H NMR (300 MHz, CDCl3) 6 7.42 (d, J=8.4 Hz,
2H), 7.20 (d, J=28.4 Hz, 2H), 7.03 (dd, /="7.2, 7.8 Hz, 2H),
6.62 (t, J=7.2 Hz, 1H), 6.41 (d, J=7.8 Hz, 2H), 5.61-5.79
(m, 1H), 5.12-5.20 (m, 2H), 4.32 (dd, J=5.1, 7.8 Hz, 1H),
4.12 (br s, 1H), 2.37-2.60 (m, 2H); IR (cm ', film) 3412,
3077, 3019, 1639, 1603, 1504, 1316, 1009.

N-[1-(4-Methoxyphenylbut-3-enyl) Janiline (22e).19 Yellow
oil; "H NMR (300 MHz, CDCls) 6 7.22 (d, J=9.0 Hz, 2H),
7.04-7.08 (m, 2H), 6.80 (d, /=9.0 Hz, 2H), 6.62 (t, J=
7.5 Hz, 1H), 6.48 (d, J=7.8 Hz, 2H), 5.66-5.82 (m, 1H),
5.08-5.20 (m, 2H), 4.32 (dd, J=5.7, 7.8 Hz, 1H), 4.10 (br s,
1H), 3.74 (s, 3H), 2.40-2.60 (m, 2H); IR (cm ™', film) 3410,
3075, 1638, 1603, 1510, 1246, 1035, 750, 692.
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N-[1-(4-Nitrophenylbut-3-enyl)] aniline (22f)."° Yellow oil;
"H NMR (300 MHz, CDCls) 6 8.12 (d, J=8.7 Hz, 2H), 7.50
(d, J=8.7 Hz, 2H), 7.04 (dt, J=17.5, 8.7 Hz, 2H), 6.64 (t,
J=7.5Hz, 1H), 6.42 (d, J=8.7 Hz, 2H), 5.62-5.80 (m, 1H),
5.10-5.22 (m, 2H), 4.42 (dd, J=5.7,7.5 Hz, 1H), 4.12 (br s,
1H), 2.40-2.62 (m, 2H); IR (cm ™!, film) 3411, 3078, 3020,
1640, 1603, 1521, 1345, 910, 751.

N-[1-(3-Methoxyphenylbut-3-enyl)] aniline (22g). Yellow
oil; "H NMR (300 MHz, CDCl3) 6 7.20 (t, J=7.8 Hz, 1H),
7.02-7.10 (m, 2H), 6.88-6.92 (m, 2H), 6.74 (dd, J=2.4,
8.1 Hz, 1H), 6.62 (t, J=7.5 Hz, 1H), 6.50 (d, J=7.5 Hz,
2H), 5.66-5.80 (m, 1H), 5.08-5.20 (m, 2H), 4.32 (dd, J=
5.7,7.8 Hz, 1H), 4.12 (br s, 1H), 3.70 (s, 3H), 2.40-2.60 (m,
2H); IR (cm ', film) 3409, 3076, 3004, 1639, 1602, 1504,
1263, 1155, 1047, 920, 750, 693.

N-[1-(2-Furyl)but-3-enyljaniline (22h)."° Yellow oil; 'H
NMR (300 MHz, CDCls) 6 7.30 (s, 1H), 7.08-7.16 (m, 2H),
6.66 (t, J=7.5Hz, 1H), 6.58 (d, J=8.7 Hz, 2H), 6.22 (s,
1H), 6.12 (s, 1H), 5.64-5.80 (m, 1H), 5.08-5.18 (m, 2H),
4.52 (t, J=6.0 Hz, 1H), 3.96 (br s, 1H), 3.72 (t, J=6.6 Hz,
2H); IR (cm ™', film) 3410, 3077, 3021, 1640, 1602, 1504,
1314, 1150, 921, 748, 692.

N-(1-Cyclohexylbut-3-enyl)aniline (22i)."® Yellow oil; '"H
NMR (300 MHz, CDCl3) 6 7.12 (dt, J=17.2, 8.7 Hz, 2H),
6.62 (t, J=7.2 Hz, 1H), 6.56 (d, /=8.7 Hz, 2H), 5.72-5.84
(m, 1H), 5.00-5.08 (m, 2H), 3.50 (br s, 1H), 3.22 (dd, /=
5.1, 12.9 Hz, 1H), 2.12-2.38 (m, 2H), 1.40-1.56 (m, 1H),
1.00-1.28 (m, SH); IR (cm ~ ", film) 3409, 3075, 3018, 2924,
1639, 1601, 1505, 1321, 992, 912, 747, 691.

N-{1-[(E)-2-Phenylethenyl ]but-3-enyl}aniline (22j).]9 Yel-
low oil; "H NMR (300 MHz, CDCl5) 6 7.10-7.38 (m, 7H),
6.58-6.72 (m, 4H), 6.22 (dd, /=6.0, 16.5 Hz, 1H), 5.76—
5.80 (m, 1H), 5.10-5.22 (m, 2H), 4.02 (dd, /J=5.4, 8.4 Hz),
3.80 (br s, 1H), 2.38-2.52 (m, 2H); IR (cm ™!, film) 3409,
3054, 3018, 1639, 1601, 1502, 1316, 968, 749, 693.

4-Fluoro-N-(1-phenylbut-3-enyl)aniline (22k).19 Yellow
oil; '"H NMR (300 MHz, CDCl;) 6 7.20-7.36 (m, 5H),
6.76 (t, J=28.7 Hz, 2H), 6.40 (m, 2H), 5.66-5.82 (m, 1H),
5.10-5.22 (m, 2H), 4.30 (dd, J=5.4, 8.7 Hz, 1H), 3.88 (brs,
1H), 2.40-2.62 (m, 2H); IR (cm ™~ !, film) 3415, 3077, 3029,
1639, 1601, 1513, 1221, 921, 819, 701.

4-Nitro-N-(1-phenylbut-3-enyl)aniline (221).'® Yellow oil;
"H NMR (300 MHz, CDCl5) 6 7.98 (d, J=9.3 Hz, 2H), 7.36
(m, 5H), 6.45 (d, J=9.3 Hz, 2H), 5.64-5.80 (m, 1H), 5.12—
5.40 (m, 2H), 4.50 (dd, J=5.4, 12.6 Hz, 1H), 2.50-2.70 (m,
2H); IR (cm ™', film) 3371, 3080, 3029, 1641, 1601, 1525,
1504, 1321, 1112, 833, 754, 701.

4-Methoxyl-N-(1-phenylbut-3-enyl)aniline (22m).>" Yellow
oil; "H NMR (300 MHz, CDCls) 6 7.16-7.46 (m, 5H), 6.76
(d, /=9.0 Hz, 2H), 6.54 (d, J=9.0 Hz, 2H), 5.76-5.92 (m,
1H), 5.18-5.30 (m, 2H), 4.40 (dd, J=3.6, 7.8 Hz, 1H), 4.00
(br's, 1H), 3.72 (s, 3H), 2.49-2.70 (m, 2H); IR (cm ', film)
3405, 3061, 3020, 1638, 1601, 1511, 1238, 1036, 818, 701.

4.1.7. General procedure of one-pot four-component
reaction for synthesis of compound 23. Aldehyde

(10 mmol), amine (10 mmol), benzoic acid (10 mmol),
[PS>-RSO5]5Yb (11b) 14 mg (0.5 mol%, 0.280 mmol/g)
and allyltributylstannane (1.1 mmol) were added in CH;CN
15 mL. The resulting mixture was stirred at room
temperature till TLC inferred disappearance of the aldehyde
within 4 h. Then acid chloride (2.2 mmol, 2.2 equiv) was
added and stirred for another 6 h. The mixture was filtrated.
The resin was washed by 20 mL of ethyl acetate. The
combined organic layer was washed by saturated NaHCO3
solution (2X10mL), H,O (10 mL), then dried over
Na,SO,. Flash chromatography (ethyl acetate: hexane=
1:10-1:4) gave the product 23.

N-Phenyl-N-(1-phenylbut-3-enyl) benzamide (23a). Color-
less oil; "H NMR (300 MHz, CDCls) 6 7.22-7.36 (m, 10H),
6.32-6.42 (m, 2H), 5.72-5.94 (m, 2H), 5.43 (m, 1H), 5.08—
5.12 (m, 2H), 2.56-2.76 (m, 2H); >*C NMR (75.0 MHz,
CDCl3) 6 165.5, 139.3, 137.9, 134.8, 130.6, 129.0, 128.7,
128.2, 128.0, 127.6, 117.4, 56.8, 35.1; IR (cm ™', film)
3063, 3031, 2929, 1656, 1616, 1594, 1493, 1452, 1405,
1321, 1255, 702; MS (m/z, %): 277 (M ™, 3.86), 236 (55.52),
182 (100), 77 (28.73). Anal. Calcd for C;gHoNO: C 82.28,
H 6.90, N 5.05; found C 82.04, H 7.12, N 4.96.

3-Chloro-N-(4-methoxyphenyl)-N-(1-phenylbut-3-enyl)
benzamide (23b). Colorless oil; 'H NMR (300 MHz,
CDCl3) 6 7.20-7.36 (m, 6H), 7.08 (d, J=4.2 Hz, 1H),
7.00 (d, J=4.2 Hz, 1H), 6.46-6.60 (m, 4H), 6.30 (t, J=
7.8 Hz, 1H), 5.82-6.00 (m, 1H), 5.10-5.24 (m, 2H), 3.64 (s,
3H), 2.58-2.74 (m, 2H); *C NMR (75.0 MHz, CDCl;) 6
169.8, 158.5, 139.4, 138.7, 134.9, 131.5, 129.0, 128.9,
128.7, 128.2, 128.1, 128.0, 127.7, 126.0, 117.6, 113.7,
113.4, 55.1, 35.0; IR (cm ', film) 3064, 3005, 2934, 1643,
1510, 1333, 1249, 1035, 734, 700; MS (m/z, %): 391 (M ™",
32.63), 350 (33.18), 261 (34.52), 139 (100), 77 (53.96).
Anal. Calcd for Co4H,NO,CI: C 73.56, H 5.66, N 3.57,
found C 74.33, H 5.96, N 3.55.

3,5-Dichloro-N-(4-methoxyphenyl)-N-(1-phenylbut-3-enyl)
benzamide (23c). Colorless oil; 'H NMR (300 MHz,
CDCl3) 6 7.38 (s, 1H), 7.20-7.32 (m, 5H), 7.06 (d, J=
8.4 Hz, 1H), 6.94 (d, /=28.4 Hz, 1H), 6.60 (br s, 1H), 6.30 (t,
J=17.2 Hz, 1H), 5.84-6.00 (m, 1H), 5.12-5.23 (m, 2H), 3.64
(s, 3H), 2.60-2.82 (m, 2H); '*C NMR (75.0 MHz, CDCl;) 6
168.8, 158.8, 139.3, 137.0, 134.9, 133.1, 132.0, 131.6,
131.3, 130.3, 129.6, 128.8, 128.3, 127.9, 127.4, 117.7,
113.7, 57.9, 55.3, 35.1; IR (cm ™", film) 3065, 2934, 1634,
1510, 1454, 1389, 1333, 1296, 1250, 1033, 834, 788, 700,
MS (mlz, %): 425 (M, 6.26), 384 (70.34), 295 (49.16), 173
(100). Anal. Calcd for C,4H,)NO,Cl,: C 67.61, H 4.96, N
3.29, Cl, 16.63; found C 67.75, H 5.09, N 3.05, 16.86.

N-(4-Methoxyphenyl)-N-(1-phenylbut-3-enyl) furan-2-car-
boxamide (23d). Colorless solid; mp 110 °C; '"H NMR
(300 MHz, CDCls) 6 7.40 (s, 1H), 7.12-7.30 (m, 5H), 6.50—
6.98 (m, 4H), 6.42 (t, J=7.9 Hz, 1H), 6.14 (s, 1H), 5.70-
5.94 (m, 1H), 5.08-5.36 (m, 3H), 3.76 (s, 3H), 2.56-2.78
(m, 2H); *C NMR (75.0 MHz, CDCl;) 6159.5, 159.4,
147.1, 144.4, 139.2, 135.0, 132.0, 130.7, 129.0, 128.1,
127.7,117.6,116.0, 113.9, 110.9, 57.2, 55.4, 34.8; IR (cm ™~ ',
film) 3063, 3032, 1638, 1510, 1470; MS (m/z, %): 347 (M,
10.35), 306 (70.44), 237 (10.86), 131 (14.76), 95 (100).
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Anal. Calcd for C,,H,1NO3: C 76.06, H 6.09, N 4.03; found
C 75.95, H 6.05, N 3.80.

N-Phenyl-N-(1-phenylbut-3-enyl) acryl amide (23e). Yel-
lowish oil; 'H NMR (300 MHz, CDCl3) 6 7.30 (s, 5H),
7.18-7.22 (m, 2H), 6.98-7.16 (m, 6H), 6.60 (m, 1H), 6.38
(m, 1H), 5.86-6.04 (m, 1H), 5.14-5.26 (m, 2H), 2.64-2.86
(m, 2H); >C NMR (75.0 MHz, CDCl3) ¢ 171.0, 139.7,
139.6, 136.8, 135.0, 130.4, 128.9, 128.6, 128.2, 128.1,
127.6, 127.4, 127.2, 117.5, 57.7, 35.1; IR (cm™ ', film)
3062, 3032, 2929, 1719, 1693, 1644, 1593, 1493, 1451,
1381, 1333, 1286, 1231, 1026, 919, 699; MS (m/z, %): 327
(M™, 1.41), 286 (32.28), 105 (100), 77 (46.02). Anal. Calcd
for Co3H,NO: C 84.37, H 6.46, N 4.28; found C 84.51, H
6.79, N 4.52.

N-(4-Methoxyphenyl)-N-(1-phenylbut-3-enyl) cinnamamide
(23f). Yellowish oil; "H NMR (300 MHz, CDCls) 6 7.30
(s, SH), 7.18-7.22 (m, 2H), 6.98-7.16 (m, 6H), 6.60 (m,
1H), 6.38 (t, J=7.2 Hz, 1H), 5.86-6.04 (m, 1H), 5.14-5.26
(m, 2H), 2.64-2.86 (m, 2H); '*C NMR (75.0 MHz, CDCl5)
0 171.0, 139.7, 139.6, 136.8, 135.0, 130.4, 128.9, 128.6,
128.2, 128.1, 127.6, 127.4, 127.2, 117.5, 57.7, 35.1; IR
(em ™!, film) 3062, 3032, 2929, 1719, 1693, 1644, 1593,
1493, 1451, 1381, 1333, 1286, 1231, 1026, 919, 699; MS
(mlz, %): 327 (M™, 1.41), 286 (32.28), 105 (100), 77
(46.02). Anal. Caled for Cy3H,NO: C 84.37, H 6.46, N
4.28; found C 84.51, H 6.79, N 4.52.

(E)-N-(4-Methoxyphenyl)-3-(4-nitrophenyl)-N-(1-phenyl-
but-3-enyl) acryl amide (23g). Colorless solid; mp143.2 °C;
"H NMR (300 MHz, CDCl5) 6 8.12 (d, J=8.7 Hz, 2H), 7.74
(d, J=15.6 Hz, 1H), 7.46 (d, J=9.3 Hz, 1H), 7.12-7.34 (m,
5H), 6.90 (m, 1H), 6.62 (m, 1H), 6.34 (t, J=7.5 Hz, 1H),
6.20 (d, J=15.6 Hz, 1H), 6.16 (m, 1H), 5.76-5.84 (m, 1H),
5.06-5.24 (m, 2H), 3.70 (s, 3H, OMe), 2.54-2.66 (m, 2H);
3C NMR (75.0 MHz, CDCl3) 6 165.3, 159.3, 147.8, 141.4,
139.2, 139.0, 134.8, 130.0, 128.7, 128.2, 128.1, 127.7,
123.8, 117.5, 114.0, 56.9, 55.3, 35.0; IR (cm ™", film) 3076,
2933, 2246, 1651, 1621, 1596, 1510, 1342, 1294, 1249,
1108, 913, 841, 732, 701; MS (m/z, %): 428 M, 11.20),
387 (40.10), 298 (10.86), 216 (100), 176 (30.58), 123
(34.44), 77 (9.30). Anal. Calcd for C,6H,4N,04: C 72.90, H
5.61, N 6.54; found C 72.97, H 5.66, N 6.52.

N-(4-Methoxyphenyl)-2-phenyl-N-(1-phenylbut-3-enyl)
acetamide (23h). Yellowish oil; 'H NMR (300 MHz,
CDCl3) 6 7.00-7.26 (m, 11H), 6.82 (d, J=7.5Hz, 1H),
6.58 (d, J=28.1 Hz, 1H), 6.24 (t, J=7.8 Hz, 1H), 5.96 (d,
J=38.1 Hz, 1H), 5.76-5.92 (m, 1H), 5.04-5.20 (m, 2H) 3.78
(s, 3H), 3.34 (s, 2H), 2.50-2.64 (m, 2H); *C NMR
(75.0 MHz, CDCl3) ¢ 172.8, 160.6, 140.9, 137.0, 136.5,
132.1, 130.5, 130.2, 129.6, 129.5, 129.0, 127.8, 118.8,
115.2, 57.9, 56.8, 43.3, 36.5; IR (cm ™', film) 3064, 3030,
2928, 1649, 1510, 1249, 700; MS (m/z, %): 371 (M,
10.64), 330 (42.19), 212 (100), 91 (30.92). Anal. Calcd for
C,5H,5NO,: C 80.83, H 6.78, N 3.77; found C 80.60, H
6.72, N 3.64.

N-Benzyl-N-4-methoxyphenyl (1-phenylbut-3-enyl) carba-
mate (23i). Colorless oil; "H NMR (300 MHz, CDCls) 6
7.02-7.56 (m, 10H), 6.58-6.76 (m, 4H), 5.68-5.84 (m, 2H),
5.02-5.08 (m, 4H), 3.70 (s, 3H), 2.50-2.74 (m, 2H); *C

NMR (75.0 MHz, CDCl3) ¢ 158.7, 156.3, 140.0, 135.1,
131.1, 128.9, 128.6, 128.3, 128.2, 127.7, 127.1, 117.5,
113.6, 67.0, 60.0, 55.3, 35.6; IR (cm ™', film) 3064, 3032,
2955, 1698, 1643, 1512, 1454, 1397, 1295, 1248, 1041, 700;
MS (mlz, %): 387 (M™, 8.80), 306 (50.84), 131 (14.22), 91
(100). Anal. Calcd for C,5H,5NO5: C 77.52, H 6.46, N 3.62;
found C 77.37, H 6.50, N 3.44.

3-Cyclopentyl-N-(4-methoxyphenyl)-N-(1-phenylbut-3-
enyl) propanamide (23j). Colorless oil; "H NMR (300 MHz,
CDCl3) 6 7.04-7.26 (m, 6H), 6.90 (m, 1H), 6.60 (m, 1H),
6.36 (t, J=8.1 Hz, 1H), 6.02 (m, 1H), 5.76-5.84 (m, 1H),
5.06-5.20 (m, 2H), 3.78 (s, 3H), 2.46-2.64 (m, 2H), 1.78—
2.00 (m, 2H), 1.34-1.64 (m, 9H), 0.78-0.99 (m, 2H); MS
(mlz, %): 377 M™, 8.39), 336 (20.70), 212 (100), 131
(7.46), 91 (6.13). Anal. Calcd for C,sH5;NO,: C 79.54, H
8.38, N 3.71; found C 79.39, H 8.42, N 3.63.

2-Methoxy-N-(4-meth0xyphen%/l)-N-(]-phenylbu[—3-enyl)
acetamide (23K). Colorless oil; 'H NMR (300 MHz, CDCl5)
07.08-7.24 (m, 6H), 6.86 (m, 1H), 6.58 (m, 1H), 6.24 (t, J=
7.8 Hz, 1H), 6.00 (m, 1H), 5.76-5.82 (m, 1H), 5.04-5.20
(m, 2H), 3.78 (s, 3H), 3.58 (q, /= 15.0 Hz, 2H), 3.30 (s, 3H),
2.48-2.54 (m, 2H); '*C NMR (75.0 MHz, CDCls) 6 169.3,
159.5, 139.2, 135.1, 128.9, 128.8, 128.1, 127.7, 117.5,
114.1, 70.9, 59.1, 56.4, 55.4, 34.8; IR (cm ', film) 3064,
3032, 2931, 2838, 1670, 1510, 1415, 1394, 1251, 1130,
1031, 702; MS (m/z, %): 325 (M™, 14.30), 284 (100), 256
(56.79), 195 (53.09), 131 (45.91). Anal. Caled for
Cy0H3NO3: C 73.28, H 7.12, N 4.30 O 14.75; found C
73.88, H 7.57, N 4.16.

N-(1-(Furan-2-yl) but-3-enyl)-N-(4-methoxyphenyl) acryl
amide (231). White solid; mp 78 °C; '"H NMR (300 MHz,
CDCl3) 6 7.08 (s, 1H), 7.06 (m, 1H), 6.64-6.88 (m, 2H),
6.20-6.40 (m, 4H), 5.68-5.82 (m, 1H), 5.10-5.18 (m, 2H),
4.46 (t, J=6.3 Hz, 1H), 3.72 (s, 3H), 2.62 (m, 2H); "*C
NMR (75.0 MHz, CDCl3) 6 168.6, 162.0, 155.6, 144.4,
137.0, 133.2, 131.6, 130.5, 120.4, 112.9, 111.5, 58.1, 54.2,
37.2; IR (cm ™', film) 3077 2933, 2246, 1652 1620 1596
1500; MS (m/z, %) 297, M™, 31.87), 256 (69.61), 202
(92.10), 177 (100), 91 (24.54), 7728.27). Anal. Calcd for
CysHoNO3: C 72.73, H 6.40, N 4.71; found C 72.53, H
6.56, N 4.56.

4.1.8. Procedure of the one-pot four-component intra-
molecular Diels—Alder reaction of 23l. In a 25 mL three-
necked flask, furfuraldehyde 166 mL (2 mmol), p-methy-
oxyaniline 246 mg (2 mmol), benzoic acid 244 mg
(2 mmol), [PS,—RgSO3]5Yb(11b) 28 mg (0.5 mol%,
0.28 mmol/g) and allyltributylstannane 0.68 mL
(2.2 mmol) were dissolved in 4 mL of CH;CN. The mixture
was stirred at room temperature for 4 h. 0.36 mL (4.4 mmol,
2.2 equiv) of acrylic chloride was then added and reacted at
room temperature for another 6 h. The mixture was heated
to reflux for 15 h. Then, the mixture was cooled to room
temperature. After filtration, the polymer was washed by
20 mL of ethyl acetate. The combined organic layer was
washed by saturated NaHCOj; solution (2X10 mL), H,O
(10 mL), then dried over Na,SO,. Flash chromatography
(ethyl acetate: hexane=1:1) gave 259 mg of compound 26
and 58 mg of compound 27 (4.5:1, total yield 53%),
respectively.
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2-Allyl-3-(4-methyoxyphenyl)-4-oxo-10-oxa-3-azo-tricyclo
[5.2.1.0"°] dec-8-en-4-one (26). White solid; mp 82 °C; '"H
NMR (300 MHz, CDCl5) 6 7.26 (d, J=9.0 Hz, 2H), 6.96 (d,
J=9.0 Hz, 2H), 6.58 (d, J=5.9 Hz, 1H), 6.42 (dd, /J=1.7,
5.9 Hz), 5.76-5.84 (m, 1H), 5.14-5.24 (m, 2H), 5.06 (dd,
J=1.7, 4.5 Hz, 1H), 4.42 (t, J=5.2 Hz, 1H), 3.80 (s, 3H),
2.58-2.66 (m, 3H), 2.25 (ddd, /=3.6, 4.5, 11.8 Hz, 1H),
1.62 (dd, J=8.9, 11.8 Hz, 1H); >*C NMR (75.0 MHz,
CDCl3) 6 173.7, 157.8, 137.4, 132.3, 132.1, 130.5, 126.1,
119.4, 114.5, 91.7, 78.6, 62.1, 55.5, 47.4, 34.2, 28.9; IR
(ecm™ !, film) 3077, 3002, 2952, 2837, 2244, 1697, 1640,
1513, 1247, 1035, 918, 831, 731, 699; MS (m/z, %): 297
(M™,37.59), 256 (21.44), 202 (100), 177 (16.16), 91 (7.19),
77 (12.67). Anal. Calcd for C1gH;oNO5: C 72.73, H 6.40, N
4.71; found C 72.72, H 6.34, N 4.50. Crystal system, space
group: monoclinic, P2(1)/c. Unit cell dimensions: a=
6.4883(5) A, b=31.818(3) A, c=14.7894(12) A, a=90°,
B=94.0950(10)°, y=90° volume: 3045.4(4) A’; Z=8;
calculated density: 1.297 mg/m’; absorption coefficient:
0.088 mm '; F(000): 1264; crystal size: 0.478<0.453 X
0.412 mm> ; theta range for data collection: 1.38-27.00°;
completeness to 6=27.00, 99.9%; data/restraints/para-
meters: 11191/23/925; goodness-of-fit on F: 0.930; final
R indices[/>2a(])]: R1=0.0552, wR2=0.1251; R indices
(all data): R1=0.0816, wR2=0.1368; absolute structure
parameter: —0.7(14); largest diff. peak and hole: 0.184 and
—0.246 ¢ A°.

Compound 27. White solid; mp 100°C; 'H NMR
(300 MHz, CDCls) 6 7.20 (d, J=9.0 Hz, 2H), 6.96 (d, J=
9.0 Hz, 2H), 6.42 (dd, J=1.8, 6.0 Hz, 1H), 6.38 (dt, J=1.5,
5.7 Hz), 5.66-5.82 (m, 1H), 5.00-5.16 (m, 3H), 4.56 (dt, J =
6.6, 8.4 Hz, 1H), 3.80 (s, 3H), 2.60 (dd, J=1.8, 8.7 Hz, 1H),
2.24-2.38 (m, 3H), 1.62 (dd, J=8.7, 11.7 Hz, 1H); "*C
NMR (75.0 MHz, CDCl3) 6 173.8, 158.1, 135.6, 134.2,
132.9, 129.6, 127.2.1, 118.3, 114.3, 90.6, 78.5, 60.4, 55.4,
47.6, 32.9, 28.6; IR (cm ™', film) 3077, 3002, 2953, 2837,
2243, 1697, 1642, 1513, 1364, 1247, 1036, 918, 835, 732;
MS (m/z, %): 297 (M, 44.30), 256 (24.16), 202 (100), 77
(14.87). Anal. Caled for C,gH;oNO5: C 72.73, H 6.40, N
4.71; found C 73.03, H 6.58, N 4.56.
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Abstract—The utility of both soluble (non-cross-linked) and insoluble (cross-linked) polystyrene-supported triphenylarsine reagents were
examined. These reagents were prepared by standard radical polymerization methodology and used in palladium-catalyzed homocoupling
reactions of aryl halides. The insoluble reagent was also used as a catalyst precursor in heterogeneous alkene epoxidation reactions in which
aqueous hydrogen peroxide was the stoichiometric oxidant. For the aryl halide homocoupling reactions, both reagents worked well and
afforded similar results. Unhindered aryl iodides afforded the best yields in the shortest reaction times compared to aryl bromides. The
epoxidation reactions of unfunctionalized alkenes were not very efficient. This was probably due to the hydrophobicity of the polystyrene
matrix, which did not swell in the reaction medium. Thus, since a microporous, gel-type polystyrene matrix was used, the majority of the
arsine groups were inaccessible to the reaction components and therefore incapable of participating in catalysis.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The use of polymer-supported reagents and catalysts in
polymer-assisted solution-phase organic synthesis has
become commonplace since they can reduce product
purification to simple filtration and concentration operations
and are potentially easily recycled.' A large variety of such
reagents and catalysts have been reported that utilize both
insoluble” and soluble® polymers as their carriers and new
ones are continually being developed in order to broaden
their utility and increase their efficiency. We have a long-
standing interest in the development of both soluble and
insoluble polymer-supported amine,* fluorinated ketone,’
nitroxyl radical,6 phosphine,7 sulﬁde,8 sulfoxide,9 and
triflimide'® reagents for use in solution-phase organic
synthesis, especially in systems that simultaneously use
multiple polymers.*®’¢ Herein, we report an update on the
further utilization of our previously reported polystyrene-
supported triphenylarsine reagents that were previously
found to be useful as ligands for palladium in a variety of
Suzuki-Miyaura coupling reactions.""

Keywords: Triphenylarsine reagents; Homocoupling; Suzuki-Miyaura

coupling; Hydrogen peroxide; Epoxidation.

* Corresponding author. Tel.: +852 2859 2167; fax: +852 2857 1586;
e-mail: phtoy @hku.hk

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.108

Triphenylarsine is an important reagent in organic synthesis
that is complimentary to much more widely used
triphenylphosphine.'? Tt has been found to be useful as a
ligand for palladium in a variety of palladium catalyzed
cross-coupling reactions,'® including the Suzuki—Miyaura
coupling'® of boronic acids with aryl and vinyl halides."
Furthermore, triphenylarsine is useful for the generation of
arsonium ylides, which are more nucleophilic than the
corresponding phosphonium ylides.'® Due to the toxicity of
organoarsenic compounds in general, they are prime
candidates for immobilization onto a polymer support so
that they can be easily recovered and reused. Indeed, early
reports demonstrated that an arsenic acid functionalized
polystyrene resin was useful in Baeyer—Villiger oxidation'’
and alkene epoxidation'® reactions using aqueous hydrogen
peroxide under conditions such that the polymers could be
recovered and reused. Subsequently, a polystyrene-sup-
ported triphenylarsine oxide'® was found to be an effective
reagent for the preparation of carbodiimides.? Finally, prior
to our recent report, the only other description of a
supported arsine showed that a silica-supported alkyldiaryl-
arsine was a good ligand for palladium in Heck coupling
reactions.?! In this current report, we describe the
application of our soluble and insoluble polystyrene-
supported reagents in palladium-catalyzed homocoupling
reactions of aryl halides and in organocatalytic alkene
epoxidation reactions using aqueous H,O,.
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2. Results and discussion

The soluble, non-cross-linked polystyrene reagent,
NCPS-AsPh; (1), and the insoluble, cross-linked poly-
styrene reagent, JandaJel-AsPhs (JJ-AsPhs, 2),22’23 were
prepared as previously reported using functional monomer 3
for incorporation of the arsine groups (Scheme 1).'" The
JandaJel platform was chosen over other cross-linked
polymers because it has been shown by EPR,** fluor-
escence,” and NMR?® spectroscopy to provide better
performance in terms of reagent/substrate accessibility to
interior sites of the resin in solvents that it swells well in.
Furthermore, it has been used successfully as a synthesis
platform in a variety of synthetic applications?’ and as a
support for chiral catalysts.?*!

%
A8203 a-c

phSph

3
= 15, 8
3 + d = NCPS-AsPhg
1
ph S ph

K A

Z

3+ + © —2— (W)—AsPhs
o) 0 2
~

JandadJel cross-linker

Scheme 1. Reaction conditions: (a) PhMgBr, THF, 0 °C to rt; (b) HCIL;
(¢) p-BrMg-C¢H,CH=CH,, THF, 0 °C to rt; (d) AIBN, PhMe, 85 °C;
(e) PhCl, H,O0, acacia gum, NaCl, AIBN, 85 °C.

Considering our previous success in using both 1 and 2 in
Suzuki—Miyuara coupling reactions, we wanted to examine
them in another palladium-catalyzed process. Since sym-
metrical biaryl compounds can be used to prepare useful
chiral phosphine ligands,> and new methods for the
homocoupling of aromatic compounds are continuously
being developed,®® we chose to study the reaction system
reported by Rawal and co-workers in which they used a
sterically crowded triarylarsine, tri-o-tolylarsine, as a ligand
for palladium in the homocoupling of aryl bromides and
iodides.** Thus, various aryl iodides and aryl bromides were
examined in the homocoupling reactions using reagents 1
and 2 as ligands for palladium (Table 1).

The reactions were performed according to the published
procedure,® using Pd(OAc),, ligand, hydroquinone, and
Cs,CO3 in N,N-dimethylacetamide (DMA) at elevated
temperature. In general aryl iodides reacted more readily
than aryl bromides and aryl halides substituted at meta- or
para-positions afforded good to excellent yields of the
desired symmetrical biaryl compounds 4a—c (Table 1,
entries 1-4). When 1-bromonapthalene was the substrate,

Table 1. Homocoupling reactions of aryl halides

2-4 mol% 1 or 2
2-4 mol% Pd(OAc), Ar-Ar

Ar-X
hydroquinone, Cs,CO3, DMA 4
Yield (%)
Entry Ar-X Product Time (h)* Yield (%)
1 2
|
1® @ 4a 16 90 88
Br
2¢ | X 4a 40 92 95
4
|
3° (; 4b 16 80 92
OMe
I
4 @ 4c 16 60 74
NO,
Br
5 4d 60 65 40
Br

6° ©/ e 60 21 11

? Time for reactions using both 1 and 2.

®Two mole percentage of Pd(OAc),, 2mol% 1 or 2, 0.5equiv
hydroquinone, 1.0 equiv Cs,COs3, 0.4 M, 75 °C.

¢ Four mole percentage of Pd(OAc),, 4 mol% 1 or 2, 0.5equiv
hydroquinone, 1.0 equiv Cs,CO3, 1.0 M, 100 °C.

only moderate yields of 4d were obtained after prolonged
reaction times (Table 1, entry 5) and 2-bromotoluene
afforded poor yield 4e with both 1 and 2 (Table 1, entry 6). It
was found that the product yields obtained from the
reactions involving 2 were slightly higher than those with
1 (Table 1, entries 2—4). This was most likely due to the
easier removal of 2 from the reaction mixture (filtration)
compared to 1 (precipitation followed by filtration). On the
other hand, in the cases where low yield was observed, 1
afforded higher yields than 2 (Table 1, entries 5-6), most
likely due to its homogeneity.

To investigate other application of reagent 2, a range of
alkenes were studied in epoxidation reactions using H,O,
catalyzed by the oxide of 2 (Table 2). It has been previously
shown that treatment of triphenylarsine with H,O, affords
triphenylarsine oxide, which is a good epoxidation
reagent.” Thus, by using an excess of H,O,, triphenylarsine
oxide can function as a catalyst. For the epoxidation
reactions with 2, 1,2-dichloroethane was chosen as solvent
since appeared to swell 2 to a large degree and a control
reaction in which 2 was omitted afforded only a small
amount of the desired product 5a (Table 2, entry 1). As seen
from the Table 2, entry 2, addition of 2 greatly improved the
conversion of cyclooctene to Sa. While good yield can be
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Table 2. Epoxide reactions of alkenes

[e]
0, 0,
g 2B mol). 50% O, AN
CICH,CH,ClI, 75°C 5
Entry Alkene Time (h) Product Yield (%)*

1° O 8 5a 12°

\ 85 (98°)
3 \ 12 5b 80 (92°)
‘ AN N
4 P 24 5¢ 38

Ph
5 Q/ 28 5d 47
=
6 /@A/ 30 Se 28
MeO

 Isolated yield.
®No catalyst 2.
¢ Determined by GC.

obtained using 2, it is a sluggish catalyst precursor
compared to other homogeneous, electron-rich arsines.*
Regardless, good isolated yield of 5b could also be obtained
from the epoxidation of cycloheptene (Table 2, entry 3).
Unfortunately the epoxidation of substituted styrenes and a
primary alkene afforded poor isolated yields of the desired
products (Table 2, entries 4-6). In these reactions, the
conversion rate of the alkene was slower than before and the
products seemed to be moderately unstable to the reaction
conditions since several unidentified, more highly polar
products were observed in addition to the desired product.

3. Conclusions

In summary, we extended the use of our previously reported
soluble and insoluble polystyrene-supported triphenylarsine
reagents, 1 and 2, respectively, to the homocoupling of
aryl halides to form symmetrical biaryl compounds and
in epoxidation reactions using H,O, as the stoichiometric
oxidant. It was found that both reagents proved to be good
ligands for Pd and the resulting complex showed good
catalytic activity in the homocoupling reaction.

The performance of 2 as a catalyst precursor for epoxidation
reactions was not very efficient. This could stem from the
fact that polystyrene is hydrophobic and thus the H,O, has a
difficult time accessing the arsine groups attached to our gel-
type, microporous polymer. Thus, only a small portion of
the potential catalytic groups are actually active. Due to this
limitation of 2, we are currently examining the immobiliz-
ation of electron-rich arsine groups to insoluble, hydrophilic
and macroporous polymers with the aim of identifying
better heterogeneous arsine catalysts for these expodiation
reactions.

4. Experimental

4.1. General

All reagents were obtained from the Aldrich, Lancaster or
Acros chemical companies and were used without further
purification. All moisture sensitive reactions were carried
out in dried glassware under a N, atmosphere. Merck silica
gel 60 (230-400 mesh) was used for chromatography. Thin-
layer chromatography analysis was performed using glass
plates coated with silica gel 60 F,s4. Gas chromatographic
analyses were performed using a Thermo Finnigan Focus
chromatograph equipped with an RTX-5 column. NMR
spectra were recorded using either a Bruker DRX 300 or an
AV400 spectrometer. Chemical shift data is expressed in
ppm with reference to TMS. MS data was recorded on a
Finnigan MAT 96 mass spectrometer.

4.2. General procedure for biaryl synthesis using 1

To a mixture of aryl halide (1.5 mmol), hydroquinone
(0.083 g, 0.75 mmol), and Cs,CO;5 (0.49 g, 1.5 mmol) was
added a pre-stired DMA solution (3.8 or 1.5mL) of
Pd(OAc), (0.007 g, 0.03 mmol or 0.013 g, 0.06 mmol) and
1 (0.038 g, 0.03 mmol or 0.076 g, 0.06 mmol, loading=0.8
AsPh; mmol/g) in a 8§ mL vial. The reaction mixture
darkened immediately upon addition of the catalyst solution
to the solid reagents. The vial was placed in a shaking
reaction block and heated at 75 or 100 °C for the indicated
time. The reaction mixture was cooled to room temperature,
quenched with 1 N HCl (20 mL), diluted with water
(20 mL), and extracted with EtOAc (2X40 mL). The
organic layers were combined and washed sequentially
with 10% NaOH (3 X30 mL), and brine (2X30 mL), dried
over MgSO,, concentrated under reduced pressure, and
purified by flash column chromatography on silica gel
(100% hexane) to afford the desired product.

4.3. General procedure for biaryl synthesis using 2

To a mixture of aryl halide (1.5 mmol), hydroquinone
(0.083 g, 0.8 mmol), and Cs,CO5; (0.49 g, 1.5 mmol) was
added a pre-stired DMA solution (3.8 or 1.5mL) of
Pd(OAc), (0.007 g, 0.03 mmol or 0.013 g, 0.06 mmol) and
2 (0.021 g, 0.03 mmol or 0.042 g, 0.06 mmol, loading=
1.44 AsPh; mmol/g) in a 8 mL vial. The reaction mixture
darkened immediately upon addition of the catalyst solution
to the solid reagents. The vial was placed in a shaking
reaction block and heated at 75 or 100 °C for the indicated
time. The reaction mixture was cooled to room temperature
and the polymer was filtrated off and washed with water and
EtOAc. The filtrate was extracted with EtOAc (2X40 mL).
The organic layers were combined and washed sequentially
with 1 N HCI (3X30 mL), 10% NaOH (3X30 mL), and
brine (2X30 mL), dried over MgSQ,, concentrated under
reduced pressure, and purified by flash column chromatog-
raphy on silica gel (100% hexane) to afford the desired
product.

4.3.1. Characterization data for biphenyl (4a). '"H NMR
(300 MHz, CDCl3) 6 7.35 (m, 2H), 7.44 (d, J=6.3 Hz, 4H),
7.58-7.61 (m, 4H). 3C NMR (75 MHz, CDCl3) 6 127.2
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(20), 127.3 (2C), 128.8 (2C), 141.3 (2C). EI-MS: caled for
C1oH,0, 154.08; found, 154 (M+).

4.3.2. Characterization data for 4,4'-dimethoxybiphenyl
(4b). "H NMR (300 MHz, CDCls) 6 3.83 (s, 6H), 6.94 (d,
J=8.8Hz, 4H), 7.46 (d, J=8.8 Hz, 4H). '*C NMR
(75 MHz, CDCl3) 6 55.4 (2C), 114.2 (4C), 127.8 (40),
133.5 (2C), 158.7 (2C). HR EI-MS: calcd for Ci4H 405,
214.0994; found, 214.0988.

4.3.3. Characterization data for 3,3'-dinitrobiphenyl
(4c). "H NMR (300 MHz, CDCl5) 6 7.69 (t, J=8.0 Hz,
2H), 7.94-7.97 (m, 2H), 8.27 (d, J=1.2 Hz, 2H), 8.48 (t,
J=2.0 Hz, 2H). '>C NMR (75 MHz, DMSO) 6 122.3 (2C),
123.7 (20), 131.2 (2C), 134.2 (2C), 139.9 (2C), 148.9 (2C).
HR EI-MS: calcd for C,,HgN,O,, 244.0484; found,
244.0489.

4.3.4. Characterization data for 1,1'-binaphthyl (4d). '"H
NMR (300 MHz, CDCl3) 6 7.28 (t, J=8.0 Hz, 2H), 7.37 (d,
J=8.5 Hz, 2H), 7.47-7.50 (m, 4H), 7.55-7.59 (m, 2H), 7.95
(dd, J=8.1, 1.3 Hz, 4H). '>*C NMR (75 MHz, CDCl5) 6
125.4 (2C), 125.8 (2C), 126.0 (2C), 126.6 (2C), 127.9 (2C),
128.0 (2C), 128.2 (20), 132.9 (2C), 133.6 (2C), 138.5 (2C).
HR EI-MS: calcd for CooH 4, 254.1096; found, 254.1086.

4.3.5. Characterization data for 2,2'-dimethylbiphenyl
(4e). '"H NMR (400 MHz, CDCl3) 6 2.05 (s, 6H), 7.09 (d,
J=6.7 Hz, 2H), 7.20-7.26 (m, 6H). '*C NMR (100 MHz,
CDCl3) 6 19.8 (2C), 125.5 (20), 127.1 (2C), 129.3 (2C),
129.8 (2C), 135.8 (2C), 141.6 (2C). HR EI-MS: calcd for
Ci4H4, 182.1096; found, 182.1094.

4.4. General procedure for alkene epoxidation using 2

A solution of the alkene (1.0 mmol) was added to a mixture
of 2 (0.035g, 0.05mmol) and 50% H,O, (0.5 mL,
8.7 mmol) in 1,2-dichloroethane (2 mL). The reaction
mixture was stirred at 75 °C and monitored by TLC and
GC analysis. After the complete disappearance of the
alkene, the suspension was filtered and the resin was washed
by diethyl ether (2X 10 mL). The combined organic layer
was concentrated and the crude residue was filtered through
a plug of silica gel with diethyl ether to provide the
essentially pure epoxide product after solvent removal.
Reactions were also performed where the yields were
determined by GC analysis by comparison to an internal
standard.

4.4.1. Characterization data for cis-cyclooctene epoxide
(5a). "H NMR (300 MHz, CDCl5) 6 1.26-1.63 (m, 10H),
2.12-2.18 (m, 2H), 2.87-2.94 (m, 2H). '*C NMR (75 MHz,
CDCl,) 0 25.5, 26.2, 26.4, 55.5. This data matches that of a
commercially available sample.

4.4.2. Characterization data for cycloheptene epoxide
(5b). '"H NMR (300 MHz, CDCl;) 6 1.20-1.59 (m, 6H),
1.89-1.94 (m, 4H), 3.08 (t, J=2.9 Hz). '*C NMR (75 MHz,
CDCl3) 6 24.5, 29.0, 31.0, 56.1. EI-MS: calcd for C;H,,0,
112.09; found, 112 M +).

4.4.3. Characterization data for 1,2-dihydronaphthalene
epoxide (5¢). '"H NMR (300 MHz, CDCl5) ¢ 1.69—1.80 (m,

1H), 2.36-2.39 (m, 1H), 2.43-2.57 (m, 1H), 2.72-2.79 (m,
1H), 3.71 (t, J=3.1 Hz, 1H), 3.83 (d, J=4.2 Hz, 1H), 7.08
(d, J=7.1 Hz, 1H), 7.19-7.25 (m, 2H), 7.37 (d, J=1.5 Hz,
1H). °C NMR (75 MHz, CDCls) 6 21.8, 24.4, 52.8, 55.1,
126.1, 128.4, 129.5, 132.6, 136.7. HR EL-MS: calcd for
C10H100, 146.0732; found, 146.0736.

4.4.4. Characterization data for 1-phenylcyclohexene
epoxide (5d). "H NMR (300 MHz, CDCl3) 6 1.26-1.59 (m,
4H), 1.95-2.00 (m, 2H), 2.12-2.13 (m, 1H), 2.23-2.27 (m,
1H), 3.06 (s, 1H), 7.08-7.38 (m, 5H). '*C NMR (75 MHz,
CDCl3) 6 19.8, 20.1, 28.9, 60.2, 61.9, 125.3, 127.2, 128.3,
142.5. EI-MS: calcd for C1,H;40, 174.10; found, 174 (M +).

4.4.5. Characterization data for 2-(4-methoxybenzyl)-
oxirane epoxide (5e). '"H NMR (300 MHz, CDCl5) ¢ 2.51
(dd, J=5.0, 2.6 Hz, 1H), 2.73-2.83 (m, 3H), 3.09-3.11 (m,
1H), 3.77 (s, 3H), 6.82-6.87 (m, 2H), 7.15 (dd, J=6.9,
2.0 Hz, 2H). HR EI-MS: calcd for C;oH;,0,, 164.0837;
found, 164.0839.

Acknowledgements

This research was supported financially by the University of
Hong Kong, and the Research Grants Council of the Hong
Kong Special Administrative Region, P.R. of China (Project
No. HKU 7112/02P). We thank Prof. Kin Shing Chan
(Chinese University of Hong Kong) for helpful discussions.

References and notes

1. (a) Ley, S. V.; Baxendale, I. R.; Bream, R. N.; Jackson, P. S.;
Leach, A. G.; Longbottom, D. A.; Nesi, M.; Scott, J. S.; Storer,
R. L; Taylor, S. J. J. Chem. Soc., Perkin Trans. 1 2000,
3815-4195. (b) Clapham, B.; Reger, T. S.; Janda, K. D.
Tetrahedron 2001, 57, 4637-4662. (c) Benaglia, M.; Puglisi,
A.; Cozzi, F. Chem. Rev. 2003, 103, 3401-3429. (d) Brise, S.;
Lauterwasser, F.; Ziegert, R. E. Adv. Synth. Catal. 2003, 345,
869-929. (e) Bhattacharyya, S. Curr. Opin. Drug Discov. Dev.
2004, 7, 752-764.

2. (a) Leadbeater, N. E.; Marco, M. Chem. Rev. 2002, 102,
3217-3273. (b) McNamara, C. A.; Dixon, M. J.; Bradley, M.
Chem. Rev. 2002, 102, 3275-3299. (¢) Fan, Q.-H.; Li, Y.-M.;
Chan, A. S. C. Chem. Rev. 2002, 102, 3385-3465.

3. (a) Toy, P. H.; Janda, K. D. Acc. Chem. Res. 2000, 33,
546-554. (b) Dickerson, T. J.; Reed, N. N.; Janda, K. D. Chem.
Rev. 2002, 102, 3325-3343. (c) Bergbreiter, D. E. Chem. Rev.
2002, 7102, 3345-3383.

4. Toy, P. H.; Reger, T. S.; Janda, K. D. Org. Lett. 2000, 2,
2205-2207.

5. Kan, J. T. W.; Toy, P. H. Tetrahedron Lett. 2004, 45,
6357-6359.

6. But, T. Y. S.; Tashino, Y.; Togo, H.; Toy, P. H. Org. Biomol.
Chem. 2005, 3, 970-971.

7. (a) Choi, M. K. W.; He, H. S.; Toy, P. H. J. Org. Chem. 2003,
68, 9831-9834. (b) Zhao, L.-J.; He, H. S.; Shi, M.; Toy, P. H.
J. Comb. Chem. 2004, 6, 680-683. (c) Harned, A. M.; He,
H. S.; Toy, P. H.; Flynn, D. L.; Hanson, P. R. J. Am. Chem.
Soc. 2005, 127, 52-53.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

H. Song He et al. / Tetrahedron 61 (2005) 1205312057

. Choi, M. K. W.; Toy, P. H. Tetrahedron 2004, 60, 2875-2879.
. Choi, M. K. W.; Toy, P. H. Tetrahedron 2003, 59, 7171-7176.
10.
11.

Chung, C. W. Y; Toy, P. H. Tetrahedron 2005, 61, 709-715.
Lau, K. C. Y.; He, H. S.; Chiu, P.; Toy, P. H. J. Comb. Chem.
2004, 6, 955-960.

Huang, Y.-Z.; Shi, L.-L.; Zhou, Z.-L. Triphenylarsine. In
Encyclopedia of Reagents for Organic Synthesis; Paquette,
L. A., Ed.; Wiley: Chichester, 1995; pp 5339-5432.

Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113,
9585-9595.

(a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483.
(b) Bellina, F.; Carpita, A.; Rossi, R. Synthesis 2004,
2419-2440.

(a) Faust, R.; Gobelt, B. J. Prakt. Chem. 1998, 340, 90-93. (b)
Yao, M.-L.; Deng, M.-Z. J. Org. Chem. 2000, 65, 5034-5036.
(c) Bellina, F.; Anselmi, C.; Rossi, R. Tetrahedron Lett. 2001,
42,3851-3854. (d) Bellina, F.; Anselmi, C.; Viel, S.; Mannina,
L.; Rossi, R. Tetrahedron 2001, 57, 9997-10007.

(a) Huang, Y. Z.; Shen, Y. C. Adv. Organomet. Chem. 1982,
20, 115-157. (b) Lloyd, D.; Gosney, I.; Ormiston, R. A. Chem.
Soc. Rev. 1987, 16, 45-74. (c) He, H. S.; Chung, C. W. Y.; But,
T. Y. S.; Toy, P. H. Tetrahedron 2005, 61, 1385-1405.
Jacobson, S. E.; Mares, F.; Zambri, P. M. J. Am. Chem. Soc.
1979, 101, 6938-6946.

Jacobson, S. E.; Mares, F.; Zambri, P. M. J. Am. Chem. Soc.
1979, 101, 6946-6950.

(a) Smith, C. P.; Temme, G. H. J. Org. Chem. 1983, 48,
4681-4685. (b) Steiner, U. B.; Caseri, W. R.; Suter, U. W.
Langmuir 1998, 14, 347-351.

(a) Lim, A. R.; Kim, J. H.; Novak, B. M. Polymer 2000, 41,
2431-2438. (b) Lim, A. R.; Chang, J. H.; Kim, J. H.; Novak,
B. M. Solid State Commun. 2000, 115, 23-28.

Cai, M.; Huang, Y.; Zhao, H.; Song, C. React. Funct. Polym.
2004, 59, 81-86.

(a) Toy, P. H.; Janda, K. D. Tetrahedron Lett. 1999, 40,
6329-6332. (b) Garibay, P.; Toy, P. H.; Hoeg-Jensen, T.;
Janda, K. D. Synlett 1999, 1438-1440. (c) Toy, P. H.; Reger,
T. S.; Janda, K. D. Aldrichim. Acta 2000, 33, 87-93. (d) Toy,
P. H.; Reger, T. S.; Garibay, P.; Garno, J. C.; Malikayil, J. A.;

23

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

12057

Liu, G.-Y.; Janda, K. D. J. Comb. Chem. 2001, 3, 117-124. (e)
Choi, M. K. W.; Toy, P. H. Tetrahedron 2004, 60, 2903-2907.

. JandaJel® is a registered trademark of the Aldrich Chemical

Co.

Vaino, A. R.; Goodin, D. B.; Janda, K. D. J. Comb. Chem.
2000, 2, 330-336.

Walsh, D. P.; Pang, C.; Parikh, P. B.; Kim, Y.-S.; Chang, Y.-T.
J. Comb. Chem. 2002, 4, 204-208.

Gambs, C.; Dickerson, T. J.; Mahajan, S.; Pasternack, L. B.;
Janda, K. D. J. Org. Chem. 2003, 68, 3673-3678.

(a) Lee, S.-H.; Clapham, B.; Koch, G.; Zimmermann, J.; Janda,
K. D. J. Comb. Chem. 2003, 5, 188-196. (b) Fujimori, T.;
Wirsching, P.; Janda, K. D. J. Comb. Chem. 2003, 5, 625-631.
(c) Lee, S.-H.; Matsushita, H.; Koch, G.; Zimmermann, J.;
Clapham, B.; Janda, K. D. J. Comb. Chem. 2004, 6, 822-827.
(a) Reger, T. S.; Janda, K. D. J. Am. Chem. Soc. 2000, 122,
6929-6934. (b) Clapham, B.; Cho, C.-W.; Janda, K. D. J. Org.
Chem. 2001, 66, 868-873.

(a) Nogami, H.; Matsunaga, S.; Kanai, M.; Shibasaki, M.
Tetrahedron Lett. 2001, 42, 279-283. (b) Takamura, M.;
Funabashi, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc.
2001, 723, 6801-6808.

Selkila, S. A.; Tois, J.; Pihko, P. M.; Koskinen, A. M. P. Adv.
Synth. Catal. 2002, 344, 941-945.

Song, C. E.; Yang, J. W.; Roh, E. J.; Lee, S.-G.; Ahn, J. H,;
Han, H. Angew. Chem., Int. Ed. 2002, 41, 3852-3854.

(a) Alexakis, A.; Polet, D.; Rosset, S.; March, S. J. Org. Chem.
2004, 69, 5660-5667. (b) Alexakis, A.; Polet, D.; Benhaim, C.;
Rosset, S. Tetrahedron: Asymmetry 2004, 15, 2199-2203.

(a) Punna, S.; Diaz, D. D.; Finn, M. G. Synlett 2004,
2351-2354. (b) Seganish, W. M.; Mowery, M. E.;
Riggleman, S.; DeShong, P. Tetrahedron 2005, 61,
2117-2121. (c) Nagano, T.; Hayashi, T. Org. Lett. 2005, 7,
491-493.

Hennings, D. D.; Iwama, T.; Rawal, V. H. Org. Lett. 1999, 1,
1205-1208.

van Vliet, M. C. A.; Arends, I. W. C. E.; Sheldon, R. A.
Tetrahedron Lett. 1999, 40, 5239-5242.



Available online at www.sciencedirect.com
SCIENCE<dDIRECT°

Tetrahedron 61 (2005) 12058-12064

Tetrahedron

O

ELSEVIER

Aerobic oxidation of alcohols to carbonyl compounds mediated by
poly(ethylene glycol)-supported TEMPO radicals

Maurizio Benaglia,* Alessandra Puglisi,* Orsolya Holczknecht,” Silvio Quici®
and Gianluca Pozzi™*

*Dipartimento di Chimica Organica e Industriale, Universita degli Studi di Milano, Via Golgi 19, 1-20133 Milano, Italy
bCNR, Istituto di Scienze e Tecnologie Molecolari, via Golgi 19, 20133 Milano, Italy

Received 14 June 2005; revised 15 July 2005; accepted 15 July 2005

Available online 17 October 2005

Abstract—Two poly(ethylene glycol)-supported TEMPO (PEG-TEMPO) has been successfully applied as soluble, recyclable catalysts in
the chemoselective oxidation of primary and benzylic alcohols with molecular oxygen in the presence of Co(NO3), and Mn(NOj3), as
co-catalysts (Minisci’s conditions). Under those conditions, secondary alcohols are also oxidized to ketones, although usually in lower yields.
The insertion of a spacer between the PEG moiety and TEMPO has beneficial effects on both the activity and ease of recovery of the

supported catalyst.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Catalytic oxidation using the stable nitroxyl radical 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) in combination
with safe and easy to handle primary oxidants has become
one of the most promising procedures to convert primary
and secondary alcohols into the corresponding carbonyl
compounds. 14 Indeed, efficient traditional methods for this
functional group transformation involve the use of
stoichiometric amounts of either inorganic oxidants (e.g.,
chromium (VI) salts) or organic oxidants (e.g., activated
DMSO).””’ These methods hardly satisfy the current demand
for non-polluting chemical processes of high atom efficiency,
thus rendering new selective procedures, which do not
generate large amounts of by-products highly desirable.®’

Several organic and inorganic oxidants react with TEMPO
generating the corresponding oxoammonium salt. The latter
is a much stronger oxidant than the nitroxyl radical and
cleanly reacts with alcohols to give aldehydes or ketones.'®
Based on this, several catalytic systems in which the
oxoammonium salt is (re)generated in situ from sub-
stoichiometric amounts of TEMPO have been developed.
Early examples of TEMPO-mediated reactions included
the oxidation of secondary alcohols to ketones with
m-chloroperbenzoic acid,'' and the oxidation of primary,
secondary and benzylic alcohols in an electrochemical

Keywords: Alcohols; Aldehydes; Ketones; Oxidation; Soluble polymers.
* Corresponding author. Tel.: +39 2 50 31 41 63; fax: +392 50 31 41 59;
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doi:10.1016/j.tet.2005.07.107

process.'? A more versatile and efficient catalytic procedure
in which buffered bleach acts as the terminal oxidant was
introduced in 1987 by Montanari and co-workers.'” The
oxidation reaction proceeds under mild conditions and both
primary and secondary alcohols are converted to carbonyl
compounds in high yields, even in large scale operations. In
addition, the oxidation of primary alcohols can be driven to
give carboxylic acids by adding a phase-transfer catalyst to
the biphasic aqueous/organic system.'* Many other organic
and inorganic terminal oxidants (e.g., [bis(acetoxy)iodo]-
benzene (BAIB),'’ trichloroisocyanuric acid (TCCA),'®
oxone,'” or iodine'®) have been subsequently introduced
with the aim of further expanding the already wide
applicability of Montanari’s procedure.

A different approach, pioneered by Semmelhack and
co-workers,'” consists of the use of oxygen as the primary
oxidant in conjunction with a TEMPO/metal catalyst
combination. The use of oxygen would be preferred over
that of the above-mentioned oxidants from both an
economic and an environmental standpoint and Semmel-
hack actually demonstrated the aerobic oxidation of allylic
and benzylic alcohols to aldehydes by TEMPO/CuCl in
DMF. Unfortunately, this method is ineffective with
aliphatic and alicyclic alcohols and its applicability is
therefore, limited." Better results were obtained by Sheldon

¥ According to Semmelhack, an oxoammonium salt generated by oxidation
of TEMPO by Cu(Il) is the actual oxidant, but, as pointed out by Sheldon,
the lack of reactivity of aliphatic alcohols is not consistent with this
hypothesis. For an exhaustive discussion and more plausible reaction
mechanisms see Ref. 4.
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and co-workers who achieved the aerobic oxidation of a
broad range of alcohols using a combination of RuCl,-
(PPh3); and TEMPO in chlorobenzene, toluene or even in
the absence of a solvent.®?°?' Besides requiring an
expensive transition-metal complex, the method operates
at a relatively high temperature (100 °C) and, in the case of
secondary alcohols, high oxygen pressure (up to 10 bar).
These drawbacks are partly avoided by using a combination
of TEMPO and the polyoxometalate Hs[PV,Mo;q0,].%>
More recently, the aerobic oxidation of alcohols under
fluorous biphasic conditions and atmospheric pressure in the
presence of TEMPO and synthetically demanding fluorous
Cu(D) comzplexes has been independently described by two
groups.”>** A mixture of CuBr,, 2,2,/-bipyridine and
t-BuOK was shown to catalyze the aerobic oxidation of
primary and benzylic alcohols in the presence of TEMPO in
CH5CN/H,O 1:1 as a solvent under mild conditions.?>**
Another uncomplicated and cheap catalytic system com-
prised of TEMPO in combination with tiny amounts of
Mn(NOs3), and Co(NO3), in CH3COOH was reported by
Minisci and co-workers.”’*® This combination is particu-
larly effective for the oxidation of primary and benzylic
alcohols, but good results are also obtained with less
reactive secondary alcohols. In order to avoid the use of
metal salts, Hu and co-workers developed two aerobic
processes in which TEMPO is used in combination with
Br,/NaNQO, or 1,3-dibromo-5,5’-dimethylidantoin/NaNO,
TEMPO, respectively.?”*° Teflon-lined apparatus, oper-
ating pressures up to 9 bar and relatively high amounts
of TEMPO and co-catalysts (up to 10 mol% in the
case of the oxidation of secondary alcohols in the
presence of 1,3-dibromo-5,5'-dimethylidantoin/NaNO,)
were required.

Recovery and recycling of TEMPO by immobilization on
either inorganic or organic supports has been actively
investigated. Indeed, whichever oxidant is used, separation
of the products from TEMPO could require lengthy workup
procedures, especially when reactions are run on large scale.
Moreover, TEMPO is quite expensive, so it is desirable to
be able to separate the catalyst after the oxidation reaction
and to reuse it. Electrochemical processes were readily
adapted to meet these goals and several examples of
graphite felt electrodes and glassy carbon electrodes coated
with TEMPO and related radicals have been used for the
electrochemical oxidation of alcohols.?'3? In 1985,
Miyazawa and Endo reported the synthesis of soluble and
insoluble polystyrene-type polymers featuring TEMPO
residues, which were used as catalysts for the oxidation of
benzyl alcohol to benzaldehyde with K;Fe(CN)g or CuCl,/
Cu(OH), as the terminal oxidants.**** While no mention of
recovery and recycling of these catalysts was provided, the
same group later reported that 4-hydroxy-2,2,6,6-tetra-
methylpiperidine-1-oxyl (4-OH-TEMPO) immobilized
onto silica or ferrite (previously functionalized by the
reaction of their surface hydroxyl groups with 4-trimethoxy-
silyl-1,2,5,6-tetrahydrophthalic anhydride) could be
recycled up to 45 times in the benzyl alcohol oxidation
promoted by CuCl,/Cu(OH),.** Silica-supported TEMPO
radicals and their use in alcohol oxidations were
subsequently reported by several groups. Both silica gel
and ordered mesoporous silica (e.g., MCM-41) were
used,>* the best results being obtained by Bolm

and co-workers who attached 4-oxo-2,2,6,6-tetramethyl-
piperidine-1-oxyl to a commercially available aminopropyl-
functionalized silica and an aminopropyl-functionalized
porous glass. These catalysts were employed in combination
with bleach under Montanari’s conditions affording high
yields and selectivities. Ten subsequent reaction runs were
demonstrated, although partial degradation of the supported
TEMPO catalysts was observed.”>** Silica matrices doped
with TEMPO prepared under mild conditions by the sol—gel
approach were also found to be selective and recyclable
heterogeneous catalysts for the oxidation of alcohols with
bleach.*'**> A polymer immobilized nitroxyl radical derived
from a commercially available oligomeric 2,2,6,6-tetra-
methylpiperidine (Chimassorb 994) was developed by
Sheldon and co-workers.*® Analogously to TEMPO, this
catalyst allowed the smooth conversion of benzylic, primary
and secondary alcohols to carbonyl compounds with bleach
as the terminal oxidant. In addition, when using methyl-tert-
butylether or no solvent, the catalyst proved to be
heterogeneous and could be recycled.** Very recently,
Toy and co-workers have shown that TEMPO attached to a
swellable resin and polystyrene-supported diacetoxyiodo-
sobenzene can be used simultaneously for the selective
oxidation of a variety of alcohols.*> The polymeric oxidant
in excess and the supported TEMPO catalyst can be
recovered by simple filtration and reused.

As a result of the increasing interest in recoverable soluble
reagents and catalysts,*® in the last few years immobiliz-
ation of TEMPO onto soluble polymers has started to
emerge as an alternative to the above-mentioned hetero-
geneous supports. Soluble polymer-supported TEMPO
radicals have been prepared by ring-opening methatesis of
norbornene derivatives.*’ Preliminary tests revealed that the
activity of these catalysts was consistently lower than that of
TEMPO in the oxidation of alcohols under Montanari’s
conditions. Promising results have been obtained in the
oxidation of alcohols with various primary oxidants
(including bleach) catalyzed by a TEMPO derivative
tethered onto a modified commercially available poly-
(ethylene glycol) (PEG) monomethyl ether of molecular
weight of about 5000 Da.*® The catalyst was easily
recovered by selective precipitation from Et,O and its
recyclability was studied using the oxidation of 1-octanol
with the mild oxidant BAIB as a model reaction. The results
of independent studies on the catalytic performance and
recyclability of a series of PEG-supported TEMPO
derivatives in the oxidation of alcohols under Montanari’s
conditions has been also disclosed.***>° Even more recently,
it has been shown that recoverable soluble TEMPO catalysts
can be designed without recourse to polymeric supports.
Fluorous TEMPO derivatives have been used as selective
catalysts for the oxidation of alcohols under mild,
homogeneous conditions.” The peculiar solubility proper-
ties ensured by the presence of highly fluorinated domains
allowed the easy recovery of some of these catalysts by
liquid-liquid or solid-phase extraction of the reaction
mixture. Gao and co-workers reported the synthesis of a
TEMPO radical attached to an imidazolium cation and
investigated its catalytic activity for the oxidation of
alcohols with bleach in a biphasic system ionic liquid/
water. The catalytic activity of this system was similar to
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that observed with TEMPO and the ionic liquid phase
containing the catalyst was recycled up to three times.>>

Despite the obvious advantages of using of oxygen as
terminal oxidant, examples of aerobic oxidation of alcohols
in the presence of recoverable and recyclable nitroxyl
radicals are limited. A few solid polymer-supported
TEMPO derivatives have been tested as catalysts for the
aerobic oxidation of benzylic alcohols under Semmelhack’s
conditions (CuCI/DMF).**** A tetranitroxyl radical poorly
soluble in most organic solvents, developed by Ciba
chemists, gave good results in the aerobic oxidation of a
wider range of substrates under slightly modified Minisci’s
conditions and was recycled for four times.” Analogously,
a new polymer-supported TEMPO prepared by reaction
between 4-OH-TEMPO and a carboxylic acid function-
alized fiber was used as an heterogeneous catalyst under
Minisci’s conditions showing high activity and selectivity
for the oxidation of primary alcohols to aldehydes.>*

We here show that PEG-supported TEMPO derivatives can
be conveniently employed as homogeneous, recoverable
and recyclable catalysts for the aerobic oxidation of
alcohols under Minisci’s conditions, combining the advant-
ages typical of heterogenized TEMPO with those of the
soluble parent compound.

\ N
O Qe
1 2

O = MeO-(CH,CH,0),-CH,CH,-
(Mw 5000 Daltons)

Figure 1. PEG-supported TEMPO radicals.

toluene

2. Results and discussion

Poly(ethylene glycol)s (PEGs) of M,, greater than 2000 Da
are readily functionalized, inexpensive polymers that
exhibit excellent solubility in many organic solvents,
including CH,Cl, and CH3COOH. PEG precipitation as a
semicrystalline solid can be then induced by dilution of the
solution with an incompatible solvent, such as Et,O. This
behavior and the ease of functionalization make PEG a
popular soluble polymeric support for homogeneous
catalysts.”” Indeed, the choice of proper solvent combi-
nations makes it possible to run a reaction under
homogeneous catalysis conditions (where the PEG-sup-
ported catalyst is expected to perform at its best) and then to
recover the catalyst by precipitation/filtration as if it were
bound to an insoluble matrix.

In a recent communication, we described the synthesis of
the PEG-supported nitroxyl radical 1 (PEG-TEMPO 1,
Fig. 1) in which a TEMPO moiety is connected to the
polymeric backbone (M, = 5000)i by a benzylic ether linker
(Scheme 1).48 As shown by Ferreira et al., the same TEMPO
residue can be attached directly to the PEG chain terminus
via an ether linkage.** A slight modification of their original
method (Scheme 2) allowed us to prepare PEG-TEMPO 2 in
80% vyield from 4-OH-TEMPO and the known PEG
mesylate derivative 3.%°

Both PEG-supported TEMPO derivatives were found to be
completely soluble in CH;COOH, the solvent of choice for
the oxidation of alcohols under the conditions developed by
Minisci, which are the most convenient among those

OH
NaH
Q-owms + — 2
N DMF
3

= Meo-(CHchzo)n-CHonz-
(Mw 5000 Daltons)

Scheme 2. Synthesis of PEG-TEMPO 2.

EtOH DMF/Cs,CO4

OMs
/\/ OH
>©< KOH, Bu4NBr Pd(OAc 2/PPhg 0
> 1
N
0

Scheme 1. Synthesis of PEG-TEMPO 1.

= MeO-(CH,CH,0),-CH,CH,-
(Mw 5000 Daltons)

* Commercially available PEGs possess very narrow polydispersity
indices. My, of the PEG used actually ranges from 4500 to 5500 Da.
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proposed for the aerobic oxidation of alcohols catalyzed by
TEMPO.?"%8 Thus, the oxidation of the model compound
4-bromobenzyl alcohol was studied using a combination of
Mn(NOs),-H,O (2 mol%), Co(NO3),-H,O (2 mol%) and
PEG-TEMPO (1 or 2) in acetic acid (Scheme 3). We were
pleased to observe that using 5 mol% of either 1 or 2,
4-bromobenzaldehyde was formed quantitatively at room
temperature under atmospheric pressure of oxygen in less
than 3 h (Table 1, entries 1 and 2). It should be noted that
under similar conditions, but in the presence of TEMPO, the
aerobic oxidation of para-substituted benzyl alcohols
proceeds much slower, requiring up to 6 h and 10 mol%
of nitroxyl radical to go to completion.”” When the amount
of PEG-TEMPO was reduced to 2 mol%, the oxidation still
went to completion smoothly in 4 h in the case of 1, whereas
only 92% conversion was attained using the linker-less
radical 2 (entries 3 and 4). The higher activity of 1 was
further evidenced by experiments carried out using 1 mol%
of PEG-TEMPO (entries 5 and 6).

Attempts to recover and recycle the two PEG-TEMPO
radicals also gave good results (Table 2). The post-reaction
work-up was particularly straightforward in the case of 1,
which was precipitated out from the acetic acid solution by
adding ice-cold Et,O. The radical was recovered by
filtration, dried under vacuum and re-used without any
further treatment. Fresh Mn(NOs),-H,O and Co(NOj),-
H,O were added to each successive run. No decrease in the
rate and in the selectivity of oxidation was observed in the
first three runs. However, the activity of the catalytic
system progressively decreased in the fourth and fifth
run and conversion of 4-bromobenzyl alcohol to 4-bromo-
benzaldehyde was as low as 74% after a reaction time of 3 h
in the sixth run. These results compare well with those
reported in the case of a soluble tetranitroxyl radical, which
has been used as catalyst in the oxidation of benzyl alcohol
with a ratio substrate/radical=41 (corresponding to a
concentration= 10 mol% of nitroxyl radical) and recycled
for four times affording benzaldehyde in 95% yield in the
fourth run.>

OH

A

R R

O,, Catalyst )O]\
CH3CO,H R R

R = Alk, Ar, Bn, H; R' = Alk, H
Catalyst =1 or 2 + Mn(NO3), + Co(NO3),

Scheme 3. Aerobic oxidation of alcohols under Minisci’s conditions
catalyzed by PEG-TEMPO.
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Table 2. Aerobic oxidation of 4-bromobenzyl alcohol

Run PEG-TEMPO Conversion (%)  Selectivity (%)
1 1 >99 >99
2 >99 >99
3 >99 >99
4 91 >99
5 83 >99
6 74 >99
1 2 >99 >99
2 98 >99
3 96 >99
4 92 >99
5 84 >99
6 80 >99

Recycling of PEG-TEMPO radicals. 7=25 °C; O,=1 atm; PEG-TEM-
PO =5 mol%; Mn(NOj3),=2 mol%; Co(NO3),=2 mol%; reaction time =
3 h; conversion and selectivity determined by GC (see Section 4 for
details).

Recovery and recycling of PEG-TEMPO 2 was also
demonstrated, but in that case direct precipitation of the
radical was not viable. Indeed, a slurry formed upon
addition of ice-cold Et,O to the reaction solution and a
sensible loss of 2 was observed after filtration. A procedure
similar to that employed for the recovery of the above-
mentioned tetranitroxyl radical, proved to be more effective.
Acetic acid was first evaporated, followed by addition of
ice-cold Et,O to dissolve the reaction product leaving the
insoluble PEG-TEMPO 2 as a solid residue. Six subsequent
runs using 4-bromobenzyl alcohol as a substrate were thus
carried out, with results very close to those obtained in the
case of PEG-TEMPO 1.

The aerobic oxidation of a variety of alcohols catalyzed by
PEG-TEMPO radicals under Minisci’s conditions was next
examined (Table 3). Benzylic alcohols were readily
oxidized with high conversion and high selectivity to the
corresponding aldehydes both in the presence of PEG-
TEMPO 1 and PEG-TEMPO 2 (catalyst loading=35 mol%,
entries 1-3). Analogously to what was observed with
TEMPO,” the oxidation of primary alcohol was best
performed at 40 °C in the presence of either 5 or 10 mol% of
PEG-TEMPO 1 depending on the substrate (entries 4, 7 and
9). Besides aldehydes, small amounts of carboxylic acids
(<5% of the starting alcohol) were detected. The difficult
conversion of unreactive aliphatic primary alcohols using
oxygen as terminal oxidant proceeded more slowly in the
presence of PEG-TEMPO 2. For instance, with a catalyst
loading of 5 mol% conversion of 1-octanol attained 65% in
4 h (entry 5) against 97% attained in the reaction catalyzed
by PEG-TEMPO 1 (entry 4). The reaction did not go to
completion even in the presence of 10 mol% of PEG-

Table 1. Aerobic oxidation of 4-bromobenzyl alcohol to aldehyde, catalyzed by PEG-TEMPO radicals in combination with Mn(Il) and Co(Il) nitrates®

Entry Radical Mol% Time (h) Conversion (%) Selectivity (%)
1 1 5 3 >99 >99
2 2 5 3 >99 >99
3 1 2 4 >99 >99
4 2 2 4 92 >99
5 1 1 5 90 >99
6 2 1 5 72 >99
7° TEMPO 10 6 >99 >99

4 T=25°C; O,=1 atm; Mn(NO3), =2 mol%; Co(NOs), =2 mol%; conversion and selectivity determined by GC (see Section 4 for details).

® Literature data (Ref. 27). Substrate =4-methylbenzyl alcohol. T=20 °C.
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Table 3. Aerobic oxidation of alcohols to carbonyl compounds, catalyzed by PEG-TEMPO radicals in combination with Mn(II) and Co(II) nitrates®

Entry PEG-TEMPO Alcohol T (°C) Time (h) Conversion (%) Selectivity (%)
1 1 Benzyl alcohol 25 3 >99 >99
2 2 Benzyl alcohol 25 3 >99 >99
3 1 4-Nitrobenzyl 25 3 >99 >99
alcohol

4 1 1-Octanol 40 4 97 95

5 2 1-Octanol 40 4 65 94

6 2° 1-Octanol 40 4 75 94
7 1 1-Undecanol 40 4 >99 96

8 2° 1-Undecanol 40 4 78 96
9 1° Cinnamy! alcohol 40 6 >99 >99
10 1 1-Phenylethanol 25 5 96 >99
11 1° Cyclooctanol 40 4 >99 >99
12 2° Cyclooctanol 40 4 68 >99
13 1° 2-Octanol 40 24 51 >99
14 2° 2-Octanol 40 24 43 >99
15 1° 2-Undecanol 40 24 52 >99

* 0,=1 atm; PEG-TEMPO =5 mol%; Mn(NOs), =2 mol%; Co(NOs), =2 mol%; conversion and selectivity determined by GC (see Section 4 for details).

® PEG-TEMPO = 10 mol%.

TEMPO 2 (entry 6). Secondary alcohols were also oxidized
to ketones (entries 10-15) at 40 °C, reaction rates depending
on the steric hindrance of the substrate as found in the case
of other primary oxidants.*® Thus, in the presence of PEG-
TEMPO 1, 1-phenylethanol and cyclooctanol were readily
oxidized in high yield to acetophenone and cyclooctanone,
respectively, (entries 10 and 11), whereas conversion of
2-octanol and 2-undecanol slightly exceeded 50% after 24 h
(entries 13 and 15). The lower activity of PEG-TEMPO 2
with respect to PEG-TEMPO 1 was demonstrated again in
the oxidation of 2-octanol and cyclooctanol (entries 12
and14). Seen as a whole, these results clearly show that the
insertion of a spacer separating the PEG chain from the
TEMPO moiety has a beneficial effect on the catalytic
activity of these supported systems. The presence of a
spacer possibly prevents that partial hindrance of the active
site within the polymeric structure as a result of coiling of
the PEG polymeric backbone, which was suggested to be
the cause of the reduced catalytic activity of certain linker-
less PEG-TEMPO."

3. Conclusions

Two poly(ethylene glycol)-supported TEMPO (PEG-
TEMPO) prepared from readily available precursors proved
to be efficient catalysts in the chemoselective oxidation of
alcohols with molecular oxygen under mild conditions.
Catalytic activities and selectivities of these soluble
TEMPO derivatives are similar to those exhibited by the
parent compound, and even higher in the case of PEG-
TEMPO 1. In addition, both PEG-TEMPO offer the
advantages of simplified workup procedure and easy
recycling, which are usually associated with the use of
heterogenized TEMPO.

4. Experimental
4.1. General
Solvents were purified by standard methods and dried if

necessary. Commercially available reagents were used as
received. PEG-TEMPO 1 and PEG mesylate 3 was prepared

as previously described.*®>® GC analyses were performed
on an Agilent 6850 instrument (column: HP-1 100%
dimethylpolysiloxane 30 m X320 pmX0.25 pm). Car-
rier=He (constant flow, 2.2 mL/min); mode =split (split
ratio=_80:1); injector T=250 °C; detector (FID) t=280 °C.
The products of the oxidation reactions were determined by
comparison with the commercially available carbonyl
compounds and carboxylic acids.

4.2. PEG-TEMPO 2

To a suspension of 60% NaH in mineral oil (25 mg,
0.63 mmol) in dry DMF (4 mL) was added 4-hydroxy-
TEMPO (108 mg, 0.63 mmol) and the resulting slurry was
stirred at room temperature for 1h under nitrogen. A
solution of PEG-mesylate 3 (800 mg, 0.16 mmol),
previously dried under vacuum at 100 °C for 1h, in dry
DMF (4 mL) was then added and the mixture was stirred for
70h at 70 °C. After cooling to room temperature, the
suspension was filtered and the filtrate evaporated to dryness
under reduced pressure. The residue was taken up in CH,Cl,
(2 mL) and added to Et,O (70 mL). The precipitate was
collected by filtration, washed with Et,O (3 X30 mL) and
dried under vacuum. PEG-TEMPO 1 (650 mg, 80%) was
obtained as a pale orange solid (physical data in agreement
with those reported in the literature).””

4.3. General procedure for the aerobic oxidation of
alcohols

Reactions were carried out in a jacketed 20 mL Schlenk
tube thermostated by circulating water (Haake F3 Cryostat)
and fitted with a stirring bar. The reactor was charged with
(a) a freshly prepared solution of alcohol (1 mmol) and
n-decane (71.1 mg, 0.5 mmol, internal standard for GC) in
acetic acid (1 mL); (b) a freshly prepared solution of
Mn(NO3),-H,0 (5.0 mg, 0.02 mmol) and Co(NO3),-H,O
(5.8 mg, 0.02 mmol) in acetic acid (1 mL). The combined
solutions were stirred 5 min, then PEG-TEMPO
(0.05-0.1 mmol) was added. The Schlenk tube was attached
to a gas burette filled with oxygen and the solution was
stirred for the time indicated in Tables 1-3. A 20 pL sample
of the solution was diluted with 0.2 mL ice-cold Et,O.
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The precipitated catalyst was eliminated by filtration on
PTFE septum and the liquid layer was analyzed by GC.

4.4. Oxidation of 4-bromobenzyl alcohol: catalyst
recycling

The jacketed reactor thermostated at 25 °C was charged
with (a) a freshly prepared solution of 4-bromobenzyl
alcohol (374.1 mg, 2 mmol) and n-decane (142.2 mg,
1 mmol, internal standard for GC) in acetic acid (2 mL);
(b) a freshly prepared solution of Mn(NO3),-H,0 (10.0 mg,
0.04 mmol) and Co(NOj3),-H,O (11.6 mg, 0.04 mmol) in
acetic acid (1 mL). The combined solutions were stirred
5 min, then PEG-TEMPO 1 (550 mg, 0.1 mmol) was added
and the solution was stirred for 3 h under an atmosphere of
molecular oxygen. Ice-cold Et,O (10 mL) was added and
the precipitated PEG-TEMPO 1 was filtered on a sintered
glass funnel and washed with cold Et,O (3X3 mL). The
combined organic phase was analyzed by GC, whereas the
recovered PEG-TEMPO 1 was dried under vacuum and
used for the subsequent run. When PEG-TEMPO 2
(510 mg, 0.1 mmol) was used, acetic acid was evaporated
under reduced pressure prior to the addition of Et,O. Results
are reported in Table 2.
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Abstract—A polymer-supported palladium(II) salen-type complex exhibited catalytic activity in the cross-coupling reaction of various aryl
bromides and heteroaryl bromides with phenylboronic acid in a mini-continuous flow reactor system at elevated temperatures in a phosphine-
free system. The reaction was also performed in batch using a number of different solvent systems in order to optimise conditions. The
catalytic mini-reactor can be used repeatedly over several cycles in the Suzuki—-Miyaura cross-coupling reaction. While the diameter of the
flow channel is 3 mm, the macroporous resin supported catalyst is solvent expanded to completely fill the channel. Consequently, the liquid
path is through the micro channels of the macroporous resin structure. Intensification of the process over the stirred batch reaction is through
increased reagent-catalyst contact and results in a 20-fold increase in the rate of reaction. The residence/space time on the reactor is 10.5 min,
compared to 24 h in batch, which means that a diversity of starting materials can be screened over a short period of time. To demonstrate the
utility of the system, a diversity of aryl and heteroaryl bromides have been studied.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Metal-catalysed cross-coupling reactions have gained
popularity over the past 30 years, in particular as convenient
techniques for the formation of carbon—carbon bonds.'
Numerous reactions have been developed to achieve cross-
coupling, of which the Suzuki-Miyaura reaction is one of
the most efficient methods for the synthesis of biaryl and
heterobiaryl derivatives.”? The tolerance of various
functional groups in the coupling process, the diversity of
organoboron compounds that are environmentally safer than
other organometallic reagents, and the ease of handling and
removal of boron-containing by-products offer the Suzuki—
Miyaura reaction advantages over other related techniques.*
Catalysts used in the standard processes are generally based
on either homogeneous nickel or palladium phosphine
complexes, which are rarely recoverable without elaborate
and wasteful procedures, and, therefore, commercially
undesirable.>> Moreover, phosphine ligands are expensive,
toxic, and in large-scale applications the phosphines may be
a more serious economical burden than even the metal
itself.® In recent years there has been an increasing interest
in developing greener processes. In this context, hetero-
geneous catalysis is emerging as an alternative to
homogeneous processes so that catalysts can be recovered

Keywords: Suzuki-Miyaura; Palladium; Cross-coupling; Continuous flow.
* Corresponding author. Tel.: +44 114 222 7571; fax: +44 114 222 7501;
e-mail: p.styring@sheffield.ac.uk

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.109

and reused several times before they deactivate completely.’
At the same time, the catalyst recovery also decreases
contamination of the desired products with hazardous or
harmful compounds, and also environmental pollution
caused by residual of toxic metals and organic and inorganic
waste can be reduced.® So far, palladium metal immobilised
on cross-linked polystyrene resins and silica gels have been
used in Suzuki-Miyaura reactions.”'® However, they
normally suffer from limited mass transfer, low specificity
and selectivity and leaching of the catalytic species from the
surface of the support.” Recently new catalysts have been
described that go some way to achieving greener hetero-
geneous processing, in particular the now commercially
available EnCat™ polymer encapsulated palladium
complexes'' of Ley et al. and the Chitosan-supported
materials'? reported by Hardy et al. Kwong and co-workers
have also described reactions using chloroaromatics at low
catalyst loading that give excellent turnover numbers and
yields'® but which is at present confined to homogeneous
catalysts with semi-labile phosphine ligands.

Reactor miniaturisation, for example micro reactors in
which microlitre quantities of reagents are manipulated, has
been shown to confer many advantages over conventional
laboratory scale chemical apparatus.'* Micro reactor
technology clearly offers considerable advantages in
performing safer and more efficient chemical reactions. In
particular, the number of compounds that can be prepared
and screened can be considerably increased thereby
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enhancing the discovery phase.'”'® Furthermore, the
capability of producing a parallel network of micro reactors,
the so-called ‘scaling out’ of the process, offers a clear route
to generating product volume on demand, at the point of
use, so reducing the need to store and transport hazardous or
highly reactive chemicals.'” '8 To date the scope of liquid
phase synthesis in micro reactors has, in the majority, been
limited to non metal-catalysed reactions, with the exception
of a few examples of heterogeneous catalysis.'**° There are
only a couple of reports of heterogeneously catalysed
Suzuki—Miyaura reactions in miniaturised continuous-flow
reactors. Greenway et al., have reported the Suzuki—
Miyaura reaction within a micro reactor operating under
electro osmotic flow, using palladium on silica as catalyst to
produce 4-cyanobiphenyl in 67% yield at room tempera-
ture.?! However, the electric field played a major role in this
catalytic process as no reaction was observed in an identical
reactor system where EOF was replaced by pressure driven
flow. He et al., recently investigated the microwave-assisted
heterogeneous Suzuki—Miyaura reaction in a micro reactor,
with 99% yield of 4-cyanobiphenyl being achieved at
100 °C.*

Recently we reported the synthesis and characterisation of
an unsymmetrical salen-type palladium(II) complex and its
immobilisation onto a polystyrene—dlvmylbenezene Cross-
linked Merrifield resin.”> The supported catalyst was air-
and moisture-stable, and could be reused several times
without a significant degradation in catalytic activity in the
Suzuki—-Miyaura reaction of 4-bromoanisole and phenyl-
boronic acid at 90 °C. Importantly, the reaction was carried
out successfully without the need for intrinsic or added
phosphine ligands. Leaching of the palladium into solution
from the supported catalyst proved almost negligible.>* In
this paper we report for the first time, to the best of our
knowledge, the cross-coupling reactions of various aryl
bromides and heteroaryl bromides with phenylboronic acid
in a mini-continuous flow reactor system using the
heterogeneously polymer-supported homogeneous palla-
dium catalyst. The use of the polymer-supported catalyst
in the continuous flow system enabled product streams to be
palladium free as leaching was minimised, removing the
requirement for downstream catalyst separation. Reason-
able conversions could be achieved in a matter of minutes,
compared to conversions obtained after 24 h in a batch
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Scheme 1. The immobilisation of the salen-type palladium(II) complex.
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reaction, albeit on a much smaller scale. This allows small
quantities of products to be prepared and screened quickly,
allowing diversity studies and high throughput synthesis to
be carried out. The compact design of the reactors also offer
the opportunity of scale-out through reactor parallelisation
although this will not be discussed in this paper.

2. Results and discussion
2.1. Catalyst preparation

The Merrifield resin-supported salen-type palladium(Il)
complex was prepared according to previously reported
procedures (Scheme l).23

Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) analysis indicated there to be ca. 2% (wt/wt)
palladium on the Merrifield beads, corresponding to a
catalyst loading of 0.2 mmol palladium/g of resin. Initial
studies focused on the coupling reaction of 4-bromoanisole
and phenylboronic acid (Scheme 2) in stirred batch reactors
in order to obtain comparative data.

2.2. Solvent studies in batch

The combination of K3;PO, suspended in DMF and the
palladium resin catalyst has been shown to produce the
desired coupling product that is, 4-methoxybiphenyl, in
satisfactory yields.>* However, in order to transfer the
reaction to a continuous flow reactor, a totally homogeneous
mixture was necessary as any solid in the flowing liquid
would potentially cause blockages in the reactor. It was,
therefore, decided to investigate a number of solvent-base
combinations in order to optimise the process. Reactions
were carried out in a Radley’s Carousel Parallel Synthesiser
fitted with a fuzzy logic temperature controller, using DME/
water 1:1, ethanol/water 1:1 and PEG-300/water 1:1 and 4:1
with sodium carbonate as base and also DMF/H,0 1:1 with
N,N-diisopropyl ethyl amine as the base. In each case the
reaction time was set to 24 h and the temperature
thermostated at 100 °C. Yields were determined by GC
against standard calibrations for each of the expected
products. These data were used to determine the turnover
frequencies (TOFs) before transferring the optimised

Mb

Wy,

Pd catalyst

heat

Scheme 2. The Suzuki-Miyaura reaction of 4-bromoanisole and phenylboronic acid.
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conditions to the continuous flow system. All reactions were
carried out under a nitrogen atmosphere to prevent oxidation
of the boronic acid to the phenol, which leads to the
formation of the homocoupled product, unsubstituted
biphenyl.

Reactions in PEG-300/water 1:1 and ethanol/water 1:1
failed to yield any product while DME/water 1:1 gave only
5% yield, although the homocoupled product was detected.
It was, therefore, decided to use a procedure modified from a
method that originally involved microwave heating of the
reaction solution.?” The original procedure used palladium(II)
chloride in a mixture of PEG-400/water. Reactions were
attempted using PEG-300/water in the ratio 4:1 using the
palladium resin catalyst as well as homogeneous PdCl,. The
reactions were studied over a 24 h period and the kinetics
studied as well as determining the TOFs. For the
homogeneous catalyst a pseudo-first order overall rate
constant of 1.4X 10> s~ ' was determined at 100 °C using
sodium carbonate as the base. The heterogeneous resin
supported catalyst showed an enhanced rate with a pseudo-
first order overall rate constant of 3X 10> s~ ' under the
same conditions. TOF studies also revealed some interesting
characteristics of the heterogeneous catalyst relative to
PdCl,. All reactions were performed using 1.0 mmol of
4-bromoanisole and 1.1 mmol benzene boronic acid with an
accurately weighed quantity of catalyst. A higher mole
fraction of the homogeneous salt was required (28 mol%)
giving a typical TOF of 0.18 h™'. For the resin-supported
palladium catalyst TOFs of 0.40 and 0.38h~' were
determined at 5 and 18 mol%, respectively. Further
reactions were studied using 18 mol% of the resin-
supported catalyst with increasing amounts of starting
materials, maintaining a 10% excess of the boronic acid. At
2.0 and 5.0 mmol 4-bromoanisole respective TOFs of 0.74
and 1.84 were determined. However, after due consideration
it was decided to use DMF/H,O 1:1 and N,N-diisopropyl
ethyl amine as the solvent/base system in the flow reactor.
Although this organic amine has been shown to be less
effective than Na;CO; or K5PO,?! in the Suzuki—Miyaura
reaction in batch, it is totally soluble under the reaction
conditions used in the continuous flow reactor and showed
satisfactory results in our batch studies. Using a mole
fraction of only 0.5 mol%, a TOF of 6.4 was determined.**
The results from the TOF studies are summarised in Table 1.

2.3. Mini flow reactor studies

The continuous Suzuki—Miyaura reaction was carried out in
a pressure driven mini flow reactor (bed size=25 mm X
3 mm) constructed from Omnifit glassware with back-
pressure being supplied by a syringe pump (RAZAL A-99).

70
60 -
50 1
40 A
30 A
20 A

Conversion (%)

10 A
0

0 3 6 9 12 15 18 21 24

Flow rate (pl/min)

Figure 1. Study of the conversion dependence on flow rates in the
continuous Suzuki-Miyaura reaction between 4-bromoanisole and phenyl-
boronic acid at 100 °C.

The Omnifit reactor is a low pressure liquid chromatography
column, which is packed with the catalyst particles; these
are held in place by 25 um pore size stainless steel frits
integrated in to the screw caps that connect the column to
the fluidic system, at the reactor entrance and exit. The
catalyst particles swell in the solvent to tightly pack into the
reactor body. Solvent removal allows the particles to de-
swell. The design of the reactor system makes catalyst
filling and removal an extremely easy and quick process.
The reactor was heated by immersing it in a water bath at
100 °C. Reactants from a syringe at room temperature were
then pumped through 0.8 mm internal diameter PTFE
tubing at 100 °C and then through the palladium resin
catalyst in the flow reactor at known flow rates for 5 h.

The reaction was carried out in the continuous flow reactor
at different flow rates to investigate the effect of the
residence time of the reagents within the catalyst bed on the
coupling process. The results of conversion dependence on
flow rates are shown in Figure 1. It was found that
4-methoxybiphenyl was formed in a yield of only 46% at a
flow rate of 13 pl/min. This indicates that the residence time
at this flow rate was too fast for the continuous Suzuki-
Miyaura reaction, reducing reagent contact with the catalyst
bed. Increasing the flow rate to more than 13 pl/min resulted
in a significant drop in reaction conversion, with only 27 and
22% of 4-methoxybiphenyl being produced at flow rates of
20 and 25 pl/min, respectively. As expected, decreasing the
flow rate to less than 13 pl/min increased the conversion to
52% at a 6 pl/min flow rate and up to 56% conversion for
3 ul/min. Since the reaction conditions such as concen-
tration, ratio of phenylboronic acid to 4-bromoanisole, base,
solvent and temperature remained unchanged in all cases,
the observed increase in conversion with decreasing flow
rate was obviously due to an effective increase in residence

Table 1. Turnover frequencies (TOF) in the Suzuki-Miyaura reaction of 4-bromoanisole with 1.1 equiv PhB(OH), at 100 °C with different palladium catalysts,

base and solvent under stirred batch conditions (based on GC-S data)

Substrate concn (mol) Catalyst (mol%) Solvent system Base TOF (h™ 1)
1.0 PdCl, (28) PEG300/H,O (4:1) Na,CO3 0.18
1.0 Pd resin (5) PEG300/H,0 (4:1) Na,COs3 0.40
1.0 Pd resin (18) PEG300/H,0 (4:1) Na,COs3 0.38
2.0 Pd resin (18) PEG300/H,0 (4:1) Na,CO3 0.74
5.0 Pd resin (18) PEG300/H,0 (4:1) Na,CO3 1.84
1.0 Pd resin (0.5) DMF/H,0 (1:1) ‘Pr,NEt 6.40
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Figure 2. Study of the conversion against reactor run time in the continuous
Suzuki—-Miyaura reaction at the flow rate of 3 pl/min over 6 h. The actual
residence time was 21 min.

time within the continuous reactor and hence an increase in
the reaction time. It should be noted that because of the
solvent induced swelling of the catalyst particles, the
catalyst tightly packs the body of the reactor causing fluid
and reagent flow through the internal macroporous structure
of the resin as well as, to some extent, around the particles.

The conversion data presented in Figure 1 were achieved
using a total 5 h reaction time (i.e., the average conversion
over this period). However, it became clear that the reaction
conversion changed during the period. The continuous
reactor using the supported palladium catalyst was run
continuously for 6 h at the flow rate of 3 pl/min with product
samples being collected every hour. The results of this study
are shown in Figure 2. It was found that 4-methoxybiphenyl
was produced in a yield of approximately 40% over the first
hour while an average conversion of approximately 60%
was achieved over the subsequent 4 h. The lower conversion
achieved in the first hour is most likely due to an induction
period that corresponds to the delay required for the
reduction of the catalyst precursor Pd(II) to the catalytically
active Pd(0) oxidation state, although a complete reaction
pathway for the Suzuki-Miyaura reaction using the
polymer-supported salen-type palladium(Il) catalyst is on-
going and still remains to be elucidated. As the palladium
catalyst could be reused in the batch reaction without a
significant degradation in activity, we decided to test the
activity of the recycled catalyst after this 6 h period of
reaction in the continuous flow reactor. The palladium
catalyst was washed several times with DMF, water and
THF to remove any excess or surface deposited reagents,
and dried under vacuum prior to re-use. A similar trend in
activity was observed for the recycled catalyst.

2.4. Kinetics studies

Many chemical reactions have been demonstrated to show
improved reactivity, product yield and selectivity when
performed in micro reactors, compared with those generated
using conventional laboratory practices.'*!” We, therefore,
decided to investigate if there was an enhancement of the
observed rate constant for the continuous flow reaction of
4-bromoanisole and phenylboronic acid, when compared

with that of the batch reaction under the same reaction
conditions. For the batch reaction, aliquots were withdrawn
at different time intervals to measure the corresponding
conversion. The data were then analysed using the first order
reaction design equation (Eq. 1), where x is the mole
fraction of 4-methoxybiphenyl produced and ¢ is the
corresponding reaction time (Fig. 3). The reaction was
shown to be pseudo first order overall with respect to the
bromide, giving an observed overall rate constant of 5X
1075s7! (0.18h™ l). It should be noted that in a continuous
flow reactor, the mean residence time is also the reaction
time and that the residence time in the mini flow reactor is
much shorter than in the batch process. The continuous
reaction was also assumed to be pseudo first order because
the mechanism in batch and flow modes should be the same,
so comparisons were made using this assumption. The
residence time of the solution within the catalyst bed was
measured according to a standard literature procedure”®,
giving a value of 10.5 min at the flow rate of 6 pl/min. This
means that the observed rate constant of the couPIing
reaction was considerably faster, with kops=1X10"" s !
3.6 hfl) using the continuous mini flow reactor. This
represents an enhancement of the reaction rate of 20 times
as compared to the batch reaction. This enhancement of the
rate can be reconciled with the fact that the actual relative
catalyst concentration within the element of the continuous
flow reactor, relative to the reactants, is much higher than in
the stirred batch reactor system. This means that there is
much more efficient contacting of the reactants with the
catalyst surface, and interior, as the reaction solution if

Conversion (%)
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o o
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!

0 5000 10000 15000 20000 25000 30000

Time (s)

12 R®=0.994

0 5000 10000 15000 20000 25000 30000
Time (s)
Figure 3. Kinetic data of the Suzuki—-Miyaura reaction in a stirred batch

reactor using the palladium resin catalyst over 7 h at 100 °C, showing an
observed pseudo first order rate constant of 5X 107 s~
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pumped through the fixed bed when compared to the batch
system, which is dependent on mass transport phenomena
between the liquid and solid phases.

b= —lIn(1 0] X, (1)

2.5. Substrate diversity studies

The study was then extended to several substituted
bromobenzenes containing both electron-withdrawing and
electron-donating groups using the palladium resin catalyst,
in order to test the tolerance of functional groups as well as
their effects on the conversion. The reactions in the
continuous flow reactor were run for 5 h at the flow rate
of 6 pl/min at 100 °C. The results are shown in Table 2. As
with the batch reac:tions,24 it was found that electron-
deficient substrates such as 4-bromobenzaldehyde (entry 1),
4-bromoacetophenone (entry 2) and 4-bromobenzonitrile
(entry 4) were more reactive than 4-bromoanisole, giving
higher yields of 74, 67 and 77%, respectively. The ester
function (entry 3) survived the reaction, giving the ester-
substituted coupled product in a yield of 65% with no
detectable traces of the corresponding carboxylic acid.

A favourable effect of electron-withdrawing substituents is
normally observed in palladium-catalysed coupling
reactions.?’ However, the continuous Suzuki—-Miyaura
reaction of 4-bromonitrobenzene failed with the coupling
product being detected only in trace amount (entry 5),
despite the fact that the nitro group is strongly electron-
withdrawing. All attempts to carry out the reaction of
4-bromoaniline (entry 6) were also unsuccessful. Similarly,
5-bromoisatin, which possesses a secondary amine function
and two carbonyl groups (entry 7), was also completely
unreactive. This unexpected behaviour with this catalytic
system still remains to be clarified but further studies are on-
going. 4-Bromotoluene, which is electron-rich, still afforded
the coupling product in a good conversion of 68% (entry 8).
This is in accordance with the results of Ikegami et al.,
where 4-bromotoluene was found to be more reactive than
4-bromoanisole in the Suzuki-Miyaura reaction.”® How-
ever, conversely Leadbeater et al. have also reported that the
reaction of 4-bromoanisole and phenylboronic acid gave a
better yield.>*-°

Because of the synthetic importance of heterobiaryl
derivatives, we also wished to carry out the Suzuki-
Miyaura reactions of bromopyridines, bromothiophenes

Table 2. The Suzuki-Miyaura reaction of aryl bromides in the continuous flow reactor using the palladium resin catalyst, 1.5 equiv PhB(OH),, 3 equiv N,N-

diisopropyl ethyl amine in DMF/water 1:1 at 100 °C, at the flow rate of 6 pl/min

Entry Substrate

Product Conversion (%)

1 Br—QCHO
2 Br—<;>COCH3
3 Br—<;>COOCH3

5 BrONOZ
6 BrONHZ
(0]
d/o
7
Br NH
s E

10 Br@NHCOMe
o)

12
Br

COOCH3 65

NHCOMe 37

SOZMe 71
(0]

AP

The data represent conversions of the bromides to cross-coupling products (based on GC-S data).

% DMF/water 3:1 was used instead of DMF/water 1:1.
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and bromofurans with phenylboronic acid in the continuous
flow reactor using the palladium resin catalyst (Table 3).
Palladium was previously found to possess strong thiophi-
licity, which was reflected in the poisoning effect of the
sulphur atom on some palladium-catalysed reactions. This
poisoning effect was also observed in the presence of
nitrogen atoms.>' For this reason, the position of the
bromide on a heteroaromatic ring should have an important
effect on the coupling reaction. Due to the electronegativity
of the nitrogen atom, it was reasoned that 2-bromopyridine
should be more reactive towards the oxidative addition,
which is normally the rate-limiting step of the reaction, than
3-bromopyridine.’® In fact, a conversion of 70% was
achieved for the reaction of 3-bromopyridine with
phenylboronic acid (entry 15), while 2-bromopyridine
remained almost unreacted under the same reaction
conditions (entry 14). The same trend in the reactivity
between substitution in the 2- and 3-postitions has also been
observed by others, although the difference in reactivity
between the two isomers of bromopyridines was much less
significant.’'** It was previously presumed that the
capacity for 2-bromopyridine to complex to the palladium
catalyst prevented the coupling reaction.*® The reaction of
5-bromopyrimidine, although it is an electron-poor hetero-
aryl bromide, proceeded with low yield (entry 16). The
Suzuki—Miyaura reaction of 5-bromo-2-furaldehyde pro-
ceeded with very good conversion being achieved (entry
13), in accordance with results of Feuerstein et al.>"*? It was
found that the reaction of 2-bromothiophene led to a high
yield of over 80% (entry 17), while a conversion of only
39% was afforded in the reaction of 3-bromothiphene (entry
18). This is in accordance with results previously reported

by Molander and Biolatto.>* However, over 10% of both 2-
and 3-bromothiophene ended up in the corresponding
homo-coupling product, which was not observed in the
Suzuki—Miyaura reaction of any other organobromide used
in this study. It is possible there is a substrate—metal
interaction in one of the possible catalytic transition states
that is affecting the outcome. However, a complete reaction
pathway still remains to be elucidated. It is interesting that
in general no homocoupled product was observed, even
though the continuous flow reactions were not carried out in
a nitrogen atmosphere. Therefore, the reaction in the mini-
reactor is more selective than the reaction in batch.

Wiles et al. have recently reported a Michael addition
reaction in a micro reactor under EOF conditions, in which
enhancements in conversions through the apphcatlon of the
stopped flow technique were achieved.>> This procedure
involved the mobilisation of reagents through the glass
micro reactor device for a designated period of time using
an applied electric field, and the flow was subsequently
paused by the removal of the applied field, prior to re-
applying the field. The authors proposed that the observed
increase in conversion, when using the technique of stopped
flow, was due to an effective increase in residence time
within the reactor. We, therefore, decided to apply the
stopped-flow technique to the Suzuki—Miyaura reaction of
4-bromobenzaldehyde with phenylboronic acid using the
palladium resin catalyst in the continuous flow reactor. In
fact, this technique is an alternative route to decreasing the
flow rate to increase the space time of reagents within
the catalyst bed. The results are shown in Figure 4. As the
residence time was found to be 10.5 min at a flow rate of

Table 3. The Suzuki-Miyaura reaction of heteroaryl bromides in the continuous flow reactor using the palladium resin catalyst, 1.5 equiv PhB(OH),, 3 equiv
N,N-diisopropyl ethyl amine in DMF/water 1:1 at 100 °C, at the flow rate of 6 ul/min

Entry Substrate Product Conversion (%)
T B
13 Br 0 CHO 0 CHO 91
14 Br /7N \ /) 1
N=— N
—N N
N N
16 Br4</:\> / ) 42
—N —N
0 8
17 Br— g s 82
- -
B
18 r \ S \ 3 39
'S 8
19 Br s CHO s CHO 38
MeO
J —
20 Br ) MeO \ 7 55°
=N N

The data represent conversions of the bromides to cross-coupling products (based on GC-S data).

# 4-Methoxybenzeneboronic acid was used instead of benzeneboronic acid.
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Figure 4. Study of stopped flow technique in the Suzuki—Miyaura reaction
of 4-bromobenzaldehyde using the continuous flow reactor at the low rate
of 6 pl/min, with the regime of 10 min on and between 0 and 20 min off.

6 pl/min, reactants were pumped through the reactor for
10 min and the flow was subsequently paused for a
designated period of time, prior to re-injecting the solution.
The syringe pump was controlled using an automated cyclic
timer unit, which was designed and constructed in-house.
Using the regime of 10 min on and 5 min off, the
conversions were slightly improved to 76%. Lengthening
the stopped flow period to 10 min resulted in a further
increase to around 80% conversion. The conversion could
be improved to 83 and 86% by stopping the flow for 15 and
20 min, respectively. No by-products were observed, the
mass balance being completed by unreacted starting
material.

3. Conclusions

The polymer-supported palladium(II) complex exhibited
catalytic activity in the cross-coupling reactions of various
aryl bromides and heteroaryl bromides with phenylboronic
acid in a mini-continuous flow reactor system without the
need for phosphine ligands. Using the mini-flow reactor
system, reasonable conversions can be achieved in a matter
of minutes. Although simple in design and concept, with
easily replaceable catalyst beds and interchangeable
reagents premixes, as there is no reaction in the absence
of the catalyst, the mini-flow reactor system provides a
powerful tool in catalyst screening and a route to high
throughput synthesis. Therefore, the mini flow system is
ideal for the rapid production of small inventories of
reagents. Products can be generated on demand, at the point
of use, so reducing the need to store and transport hazardous
chemicals. Furthermore, we have demonstrated that the use
of stopped-flow techniques are applicable to the Suzuki-
Miyaura reaction, leading to increased residence time in the
reactor and an increase in product yield.

4. Experimental
4.1. General

Chemicals were obtained from Aldrich and Fisher and
were used as received. The unsymmetrical salen-type

palladium(II) complex was synthesised according to
previously published methods.”* Mass Spectra were
recorded by Jane Stanbra and Simon Tho1]‘jpe, ICP-ES
analyses were performed on a Spectro Ciros“P" instrument
(Spectro Analytical, UK) by Ian Staton from the Depart-
ment of Chemistry, The University of Sheffield. GC-MS
analyses were performed using a Perkin Elmer GC-MS with
a 30 mXx0.25 mmX0.25 um Phenomenex-2B5 column.
The temperature program was 60—260 °C at 10 °C min "
with a final temperature isothermal hold for 10 min. The MS
mass limit was set between 50 and 450 Da.

4.2. Catalyst preparation

A yellow solution of palladium complex (0.20 g,
0.54 mmol) in dry DMF (40 ml) and THF (20 ml) was
added dropwise at room temperature to a dispersion of
excess 60% sodium hydride in mineral oil (0.06 g,
1.5 mmol) and the resulting mixture stirred for 10 min. A
suspension of Merrifield resin (2 g, 200-400 mesh,
1.7 mmol-Cl/g, 3.4 mmol) that had been pre-swelled in
DMF (40 ml) for 30 min was then added and the mixture
stirred gently at room temperature for 24 h. The initially
white Merrifield resin beads became yellow and the
solution turned pale yellow. The beads were filtered off,
washed several times with water (3X50ml), triturated
several times for a total of 24 h with DMF (5X50 ml),
THF (3X50 ml), diethyl ether (3X50ml) to remove
physically adsorbed palladium complex and air-dried to
yield yellow beads (2.0 g). Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) measurements
showed there to be ca. 2% (wt/wt) palladium on the
Merrifield beads, corresponding to a catalyst loading of
0.2 mmol palladium/g of resin.

4.3. ICP analysis of the supported catalysts

Calibration against palladium standards and a blank was
linear, using 2% nitric acid solutions containing 0, 1, 5 and
10 ppm palladium made from a 1000 ppm stock solution
(Aristar). Weighed samples (20.0 mg) of immobilised
palladium catalysts were placed in glass tubes and digested
at 180 °C in a mixture of concentrated nitric acid (5 cm3,
Aristar) and concentrated perchloric acid (0.5 cm’, Aristar).
Three parallel samples were digested in 2, 4 and 6h,
respectively. The yellow palladium catalyst became a white
residue after digestion. The digest was then diluted to
50 cm® with water. Analysis showed that all the palladium
was removed from the support within 2 h as increasing the
digestion time to 4 and 6 h achieved no increase in the
amount of the palladium in the digest.

4.4. Catalysis studies

4.4.1. Batch reactions. Unless otherwise stated, a solution
of 4-bromoanisole (0.0561 g, 0.3 mmol) in DMF (0.75 ml)
was added to a Radley’s Carousel reaction tube constaining
the palladium resin catalyst (7.5 mg, 0.0015 mmol). A
solution of N,N-diisopropyl ethyl amine (0.116 g,
0.9 mmol) in water (1.5 ml) and a solution of phenylboronic
acid (0.054 g, 0.45 mmol) in DMF (0.75 ml) were then
added and the tube was heated at 100 °C for 24 h with
magnetic stirring under a nitrogen atmosphere. To work-up,
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the mixture was allowed to cool to room temperature
and saturated aqueous NaCl solution (3 ml) was added. The
organic components were extracted into diethyl ether (3 X
3 ml), which was dried over anhydrous MgSO, and the
resulting solution analysed by GC and GC-MS with
reference to standard solutions of 4-methoxybiphenyl.

4.4.2. Micro flow reactions. Unless otherwise stated, the
Suzuki—Miyaura coupling reaction of 4-bromoanisole with
phenylboronic acid was carried out in a pressure driven
micro flow reactor (length=25 mm; I.D.=3 mm) build up
from Omnifit glassware containing the Merrifield resin-
supported palladium catalyst (110 mg). Standard HPLC
connectors allowed one end of the reactor to be connected to
a disposable solvent-resistant syringe, while the other end
was attached to a syringe needle leading to a quenching
vessel containing diethyl ether and saturated aqueous
Na,COj;. The reactor was heated by immersing it in a
water bath at 100 °C. Reactant mixtures consisting of
4-bromoanisole (0.1 M), phenylboronic acid (0.15 M) and
N,N-diisopropyl ethyl amine (0.3 M) in DMF/water 1:1 at
room temperature were then pumped continuously through
the palladium resin catalyst bed at known flow rates for 5 h,
using a syringe pump (RAZAL, A-99). The organic
components were extracted into diethyl ether and analysed
by GC and GC-S as described above.

4.5. Residence time distribution measurement

The mean residence/space time of the reaction solution
within the catalyst bed was measured using a standard
experimental method, the step experiment.”* A solution of
CoCl, in DMF/water 1:1 was pumped through the Omnifit
flow reactor containing the palladium resin catalyst
(110 mg) at the flow rate of 6 pl/min. The outlet absorbance
distribution, and hence the outlet concentration distribution,
versus time was measured online using a fibre optic
spectrometer (USB 2000-UV-vis, Ocean Optics Inc.) at
different wavelength ranging from 450 to 560 nm. The
absorbance distribution at the wavelengths of 520 nm versus
time is shown in Figure 5. Taking into account the residence
time of the solution in the HPLC standard connectors based
on their volumes and the known flow rate, the mean space

Absorbance

0 d m.‘t lwum‘hu ! : :
0 200 400 600 800 1000 1200

Time (s)

Figure 5. The outlet absorbance distribution versus time at the wavelength
of 520 nm and the flow rate of 6 ul/min using CoCl, in DMF/H,0.

time within the catalyst bed was found to be 10.5 min at the
flow rate of 6 pl/min.
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Abstract—Chiral N-sulfonylated o-amino acid monomer (5) derived from (S)-tryptophan was copolymerized with styrene and
divinylbenzene under radical polymerization conditions to give a polymer-supported N-sulfonyl-(S)-tryptophan (6). Treatment of the
polymer-supported chiral ligand with 3,5-bis(trifluoromethyl)phenyl boron dichloride afforded a polymeric Lewis acid catalyst (16) effective
for asymmetric Mukaiyama aldol reaction of silyl enol ethers and aldehydes. Various aldehydes were allowed to react with silyl enol ethers in
the presence of the polymeric chiral Lewis acid to give the corresponding aldol adducts in high yield with high levels of enantioselectivity.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Catalytic asymmetric Mukaiyama aldol reactions have
emerged as one of the most important carbon—carbon bond
forming reactions affording synthetically useful optically
active B-hydroxycarbonyl compounds.'™ Various method-
ologies of the asymmetric Mukaiyama aldol reaction have
been studied, which include chiral Lewis acid promoted
reaction,* Lewis base mediated reaction,’ and the reaction via
transition metal enolate intermediates.® These chiral Lewis
acid catalysts include a number of chirally modified boron
complexes that have been prepared and studied as Lewis acid
catalysts for the asymmetric reactions including Mukaiyama
aldol reaction. Chiral N-sulfonyl oxazaborolidinones are
examples that are readily prepared from o-amino acid and
boron compounds. The chiral N-sulfonyl oxazaborolidinones
were originally developed for the catalyst of asymmetric
Diels—Alder reaction by Yamamoto’ and Helmchen.?
Kiyooka indicated the efficiency of the methodology using
oxazaborolidinones as chiral catalyst for the Mukaiyama aldol
reaction.”'® Corey chose (S)-tryptophan as a chiral o-amino
acid and revealed its effectiveness mainly due to its possibility
of 70—t stacking effect based on the indole ring.!' Yamamoto
and Ishihara further improved the efficiency of the (S)-
tryptophan derived N-sulfonyl oxazaborolidinone system by
introducing a new boron substituent of 3,5-bis(trifluoro-
methyl)phenyl group.'*'* By using this catalyst asymmetric
aldol reaction between benzaldehyde and silyl enol ether
smoothly occurred to give the corresponding aldol adduct in

Keywords: Mukaiyama aldol reaction; N-sulfonyl-(S)-tryptophan; Oxaza-
borolidinone; Chiral Lewis acid; Silyl enol ether.
* Corresponding author. Tel./fax: 481 532 44 63813;

e-mail: itsuno@tutms.tut.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.110

quantitative conversion with high enantioselectivity. For
example, the reaction of benzaldehyde with 1-phenyl-1-
(trimethylsilyloxy)ethylene afforded the chiral aldol adduct in
99% yield with 94% ee.'> We have applied the same chiral
oxazaborolidinone catalyst for the preparation of optically
active polymers by means of asymmetric aldol polymerization
method developed by us."*'® Optically active poly(p-
hydroxycarbonyl)s having high optical purity were first
obtained by this method. On the other hand we have also
developed polymer-supported N-sulfonyl a-amino acids as
chiral ligand of the asymmetric Diels—Alder reaction.'” For
example, polymer-supported oxazaborolidinone prepared
from N-sulfonyl-(S)-valine and borane-dimethyl sulfide
showed excellent activity in Diels—Alder reaction between
cyclopentadiene and methacrolein to give the corresponding
chiral adduct in quantitative yield with up to 95% ee, which
was higher than that obtained from the low-molecular-weight
catalyst in solution system.'® We have now developed
polymer-supported N-sulfonyl-(S)-tryptophan to prepare a
polymeric version of the Yamamoto’s oxazaborolidinone
catalyst. In this paper we discuss the synthesis of a chiral
monomer derived from (S)-tryptophan and its polymerization.
Optimized reaction conditions for asymmetric aldol reaction
between aldehyde and silyl enol ether using this polymeric
catalyst was also discussed.

2. Results and discussion
2.1. Chiral monomer synthesis
Yamamoto and Ishihara introduced a new chiral Lewis acid

N-sulfonyloxazaborolidinone 1 using arylboron dichloride
bearing electron-withdrawing substituents as Lewis acid
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Scheme 2. Preparation of chiral N-sulfonyl-(S)-tryptophan monormer.

components.'* The chiral Lewis acid 1 showed excellent
catalytic activity in an enantioselective Mukaiyama aldol
reaction.'” The chirality of the catalyst is originated from
(S)-tryptophan. The structure of B-substituent in the catalyst
is important to obtain a high enantioselectivity. Introduction
of 3,5-bistrifluoromethylphenyl group generated a highly
enantioselective catalyst 1 (Scheme 1). Since we have
synthesized various types of polymer-supported N-sulfonyl-

12075

amino acids and used them as polymeric chiral Lewis acid
catalysts of asymmetric reactions including Diels—Alder
reaction,'® we could apply the method to the preparation of
the polymer-supported version of N-sulfonyl-(S)-trypto-
phan. Sodium p-vinylbenzenesulfonate 2 was readily
converted to p-vinylbenzenesulfonylchloride 3, which was
allowed to react with (S)-tryptophan 4 to prepare N-(p-
styrenesulfonyl)-(S)-tryptophan 5 as shown in Scheme 2."
Because of the instability of the indole ring of (S)-
tryptophan, purification of the chiral monomer required
special care. As soon as the chiral monomer was purified the
monomer should be subjected to the polymerization,
otherwise the monomer was susceptible to decomposition
under air. However, purified chiral monomer 5 could be
stored for long period of time under argon at —20 °C.

2.2. Polymerization

In our previous paper, we have prepared chiral polymer
beads containing N-sulfonylamino acid pendant groups by
means of suspension polymerization method.'® First we
tried the suspension polymerization of N-sulfonyl-(S)-
tryptophan monomer 5 with styrene in the presence of
divinylbenzene as crosslinking agent. However, mainly due
to the low solubility of the chiral monomer in organic
solvent the diluted monomer solution did not form stable
particles in water. Several attempts of suspension polymer-
ization failed to obtain the corresponding polymer beads in
satisfactory yield. Although the monomer showed higher
solubility in THF and DMF, the use of such water miscible
solvents would cause the difficulty in the suspension
polymerization in water. Thus, we changed the polymer-
ization method to solution polymerization. In this case we
could even use the solvents miscible with water. THF was
chosen as the polymerization solvent, because all the
monomers including p-vinylbenzenesulfonyl-(S)-trypto-
phan, styrene and divinylbenzene dissolved well in it. As
soon as the polymerization of the monomers was initiated in
THF the viscosity of the solution increased and finally gel
was formed. As shown in Scheme 3, polymerization

Crosslinking
agent

5 + Achiral ,  Crosslinking
monomer agent Ot/S:O -
/ 7~
Cross
7 / \=/9 - Achiral linking
AN~ monomer  ,qent
FCN 6a x=0.05,z=0 7 -
/ - 6b x=0052=001 7 9
8 6c x=0052=002 7 °
O 6d x=0.052=0025 7 0
10 = 6e x =0.05,z=0.045 7 9
= 6f x=0.10,z=0.02 7 9
o 6g x =0.20,z=0.02 7 9
2o 6h x=0.05,z=0.01 7 10
_ 6i x=0.05,z=0.01 7 1
6j x=0.05,z=0.01 8 9

Scheme 3. Preparation of polymer-supported chiral N-sulfonyl-(S)-tryptophan.
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Table 1. Asymmetric aldol reaction of benzaldehyde with silyl enol ether derived from acetophenone catalyzed by oxazaborolidinone catalyst

Entry Lewis acid catalyst  Silyl enol ether —OSiRj; -OH
Yield (%)* ee (%)° Yield (%)* ee (%)°
1 15 13b 18 — 76 —
2°¢ 1 13a 91 93 4 68
3 1 13b 95 92 4 87
44 1 13b 69 65 30 42
5 1 13c 69 16 29 88
# Isolated yield.
" Determined chiral HPLC.
¢ Data from Ref. 12.
4 Reaction was performed at room temperature.
) ligand to form oxazaborolidinone 1, which was an efficient
cat. - chiral Lewis acid catalyst of the aldol reaction to affor
i ., OSRs t OH O hiral L d catalyst of the aldol reaction to afford
Ph” “H Ph EtCN, -78 °C phA)k Ph optically actlizvlezﬁ-hydroxyketone in quantitative convers.ion
12 13a Re = M 14 at —78°C.” =7 We surveyed the effect of several silyl
132 R3 _ Ete 3 substituents on the silyl enol ether. From the results obtained
3~ 3

13c R3 = tBuMe,

Scheme 4. Asymmetric aldol reaction using polymer-supported chiral
oxazaborolidinone.

occurred to give the corresponding crosslinked polymer 6.
The obtained gel was crushed in methanol and washed on a
glass filter to give the powdered polymer-supported
N-sulfonyl-(S)-tryptophan. The degree of crosslinking and
the chiral ligand loading were controlled by the change of
the monomers composition. Crosslinking agents (10, 11)
other than divinylbenzene could be used in this polymer-
ization. Acrylonitrile 8 instead of styrene as achiral
monomer was also used to give the crosslinked chiral
polymer 6j. All these polymers were gel-like materials,
which were insoluble in organic solvents but swellable in
THF, DMF, and propionitrile. Polymerization without
crosslinking agent afforded the linear chiral polymer that
was soluble in THF.

2.3. Asymmetric aldol reaction

Mukaiyama aldol reaction between benzaldehyde and silyl
enol ether proceeded smoothly in the presence of boron
dichloride 15 to give the corresponding aldol adduct in high
yield as shown in Table 1, run 1. The chloride was easily
substituted with N-(p-toluenesulfonyl)-(S)-tryptophan chiral

F3C CF3

CH20|2, rt, 1h

BCl,

15 X\‘* y—""“
CF3
.0
A
/B\"“ O
OW(

Scheme 5. Preparation of polymer-supported chiral oxazaborolidinone catalyst.

0

in Table 1, we chose triethylsilyl enol ether as a substrate of
the asymmetric aldol reaction. In order to keep high
enantioselectivity the reaction should be performed at
lower temperature (—78 °C). The absolute configuration
of the aldol adducts indicated in Table 1 was uniformly R
(Scheme 4).

2.3.1. Asymmetric aldol reaction using polymeric
oxazaborolidinone. Since the B-aryloxazaborolidine
could not be prepared from arylboronic acid,>?' the
oxazaborolidinones were prepared from arylboron
dichlorides. We have prepared the polymeric oxaza-
borolidinone 16 from the chiral polymer 6 possessing
N-sulfonyl-(S)-tryptophan moiety and arylboron dichloride
15 in dichloromethane according to the method reported by
Ishihara.'? (Scheme 5) Our initial studies using the
polymeric oxazaborolidinone were conducted with benzal-
dehyde and enol silane 13b derived from acetophenone at
—78 °C in propionitrile as a solvent in the presence of 16 as
a catalyst. The asymmetric aldol reaction smoothly occurred
in the presence of the polymeric catalyst 16 to give the
corresponding (R)-f-hydroxyketone in high yield with a
high level of enantioselectivity. Table 2 shows the effect of
catalyst loading and crosslinking degree on the asymmetric
aldol reaction. Lightly crosslinked polymer 6b having 5%
catalyst loading showed the best result. The enantio-
selectivity obtained was almost same as that from

16

a
N
H
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Table 2. Asymmetric aldol reaction of 12 and 13b using polymer-supported oxazaborolidinone catalyst in propionitrile at —78 °C for 24 h

Entry Polymer Catalyst loading Crosslinking agent ~ Degree of cross- 14
(%) linking (%)
Yield (%)* ee (%)°

1 6a 5 — 0 99 89
2¢ 6b 5 9 1 90 91
3 6b 5 9 1 99 91
44 6b 5 9 1 99 90
5 6¢ 5 9 2 99 90
6 6d 5 9 2.5 99 88
7 6e 5 9 4.5 89 83
8 6f 10 9 2 83 80
9 6g 20 9 2 73 75
10 6h 5 10 1 98 76
11 6i 5 11 1 98 83
12 6j 5 9 1 99 71

 Isolated yield.

® Determined by chiral HPLC.

¢ After 3 h.

4 Recycled polymer-supported N-sulfonyl-(S)-tryptophan was used.

the low-molecular-weight catalyst 1 in homogeneous
solution system. Higher crosslinking and catalyst loading
decreased both reactivity and enantioselectivity to some
extent. After the reaction completed the polymeric catalyst
could be readily removed by simple filtration. The
polymeric catalyst prepared from the recycled polymer
was shown to keep its activity (entry 4) in a second cycle.
Polymers crosslinked with 10 and 11 were also effective for
the same reaction (entries 10 and 11). Somewhat lower
enantioselectivities were obtained with these polymeric
catalysts compared to the corresponding divinylbenzene
crosslinked polymers.

i cat. OH O
+ 13 @ — :
R™ H EtCN, -78 °C R/\APh
17

a:R= MeO@— e:R=

d:R= O2N

P

Scheme 6. Asymmetric aldol reaction of various aldehyde with silyl enol
ether.

Table 3. Asymmetric aldol reaction of aldehyde and silyl enol ether 13b
with oxazaborolidinone catalyst 1

Entry Aldehyde Aldol product
Yield (%)* e (%)°

1 12 14 99 92
2 17a 18a 97 82
3 17b 18b 93 82
4 17¢ 18¢ 99 93
5 17d 18d 99 81
6 17e 18e 98 95
7 17f 18f 98 80
8 17g 18g 99 80

# Isolated yield.
® Determined by chiral HPLC.

Not only benzaldehyde, also other several aldehydes reacted
with the silyl enol ether in the presence of chiral
oxazaborolidinone 1 to give the corresponding aldol
products in high enantioselectivity (Scheme 6). Table 3
shows the results of the asymmetric aldol reactions with 8.
As shown in Table 4 the polymeric oxazaborolidinone 16
was also effective in forming the same product in the same
level of the enantioselectivity. The amount of the polymeric
catalyst used had no effect on the enantioselectivity of the
aldol product (entry 2). Aliphatic aldehydes showed high
enantioselectivity (95% ee) using both 1 and 16.

Table 4. Asymmetric aldol reaction of aldehyde and silyl enol ether 13b
with polymer-supported oxazaborolidinone catalyst 16 derived from 6b

Entry Aldehyde Aldol product
Yield (%)*  ee (%)°

1 12 14 99 91
2¢ 12 14 99 91
3 17a 18a 81 71
4 17b 18b 74 83
5 17¢ 18c 71 91
6 17d 18d 69 75
7 17¢ 18e 72 95
8 17f 18f 47 72
9 17g 18g 72 70

# Isolated yield.
" Determined by chiral HPLC.
¢ Compound 16 (20 mol%) was used.

2.4. Some other asymmetric reactions using the
polymeric oxazaborolidinone catalyst

Chiral oxazaborolidinones are known to be an efficient
Lewis acid catalyst for various kinds of carbon—carbon bond
forming reactions. Since we succeeded in maintaining the
catalytic activities of chiral oxazaborolidinone on the
crosslinked polymer, the polymer-supported oxazaborolidi-
none would be applicable to these reactions. The polymeric
catalyst 16 was used for reactions including Mannich type
reaction of imine with silyl enol ether and allylation of
aldehyde. Scheme 7 revealed that the silyl enol ether 13b
reacted with aldimine 19 to yield the B-aminoketone 20 in
high yield with enantioselectivity of 56%. The same catalyst
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NP 16 10 mol% : “NH O

_ =

R
H -78°C, 24 h

\ /7

20
93%, 56% ee

Scheme 7. Asymmetric Mannich reaction.

was also active in the asymmetric allylation reactions.
Especially methallyltrimethylsilane 21 (R =SiMe;) reacted
with benzaldehyde to give the optically active homoallyl
alcohol 22 in quantitative yield with 73% ee (Scheme 8).

OH
k 16 10 mol% ~
12 + -
R -78°C, 24 h
21 22

R = SiMe3: 99%, 73% ee
R = SnBuy: 54%, 17% ee

Scheme 8. Asymmetric allylation of benzaldehyde.

3. Conclusion

The chiral monomer of N-sulfonylated (S)-tryptophan was
prepared and polymerized with styrene and crosslinking
agent such as divinylbenzene to give polymeric chiral
ligand 6. The reaction of the obtained polymer 6 and 3,5-
bis(trifluoromethyl)phenylboron dichloride 15 gave poly-
meric chiral oxazaborolidionone 16. We have found that 16
worked well as a catalyst in the asymmetric Mukaiyama
aldol reaction of aldehyde and silyl enol ether. High level of
enantioselectivity was obtained using the polymeric chiral
catalyst. Other than the Mukaiyama aldol reaction Mannich
type reaction and allylation reaction were asymmetrically
catalyzed by the same polymeric catalyst.

4. Experimental

4.1. General

Unless otherwise noted, all reactions were performed in
oven-dried glassware, under an atmosphere of argon. 'H
NMR (300 MHz) spectra were recorded on Varian Mercury
300 spectrometer using tetramethylsilane as an internal
standard, and J values are recorded in Hz. IR spectra were
recorded with a JEOL JIR-7000 FT-IR spectrometer and are
reported in reciprocal centimeter (cm~'). Elemental
analyses were performed at the Microanalytical Center of
Kyoto University. HPLC analyses were performed with a
JASCO HPLC system composed of 3-line degasser DG-
980-50, HPLC pump PV 980, column oven CO-965,
equipped with a chiral column (Chiralcel OD-H, Daicel)
using hexane/2-propanol as an eluent. A UV detector
(JASCO UV-975) was used for the peak detection. GC
analyses of reaction conversion were performed with a
Shimadzu Capillary Gas Chromatograph 14A equipped
with a capillary column (Astec Chiraldex G-TA, 30 mX
0.25 mm). Precoated silica gel plates (Merck 5554, 60

F254) were used for thin layer chromatography. Silica gel
(Wakogel C-200) was used for column chromatography.
Optical rotations were taken on a JASCO DIP-140 digital
polarimeter using a 10 cm thermostated microcell.

4.1.1. Preparation of silyl enol ethers 13. Silyl enol ethers
13 were prepared by quenching the corresponding lithium
enolates, derived from ketones, with lithium N,N-diiso-
propylamine (LDA) in THF, with chlorosilane.'**

4.1.2. Preparation of N-(p-vinylbenzenesulfonyl)-(S)-
tryptophan 5. p-Vinylbenzenesulfonyl chloride was
prepared by the reported procedure.>® To a suspension of
(S)-tryptophan (1.52 g, 8.0 mmol) in water (30 mL) and
THF (5 mL) was added triethylamine (1.9 mL, 19.2 mmol).
The resulting clear solution was stirred at 0 °C and a THF
(3 mL) solution of p-vinylbenzenesulfonyl chloride (1.94 g,
9.6 mmol) was added to the mixture. The resulting mixture
was then stirred at room temperature for 3 h. The solution
was cooled to 0 °C and acidified with 2 M HCI to pH 2. The
aqueous layer was extracted with ethyl acetate (20 mL X 3).
The combined organic layer was dried over MgSO, and
evaporated to give the crude product, which was purified by
silica gel column chromatography (hexane/ethyl acetate,
1:1). Yield 87% (2.58g). Mp 67-68°C. 'H NMR
(300 MHz, CDCl3): 6 3.05-3.28 (m, 2H), 4.23 (m, 1H),
5.37 (d, J=11 Hz, 1H), 5.50 (d, J=8 Hz, 1H), 5.77 (d, J=
17 Hz, 1H), 6.60 (dd, J=11, 17 Hz, 1H), 6.90-7.55 (m,
10H). *C NMR (75 MHz, CDCl5): 6 175.9, 141.9, 137.9,
136.3, 135.6, 127.2, 126.6, 124.3, 122.2, 119.8, 117.6,
111.7, 108.6, 56.2, 28.9. IR (KBr) 3400, 1730, 1430, 1330,
1150, 1090 cm ™ L. [a]E’ 438 (¢ 1.0, ethanol). Anal. Calcd
for C;oHgN,O,S: C, 61.61; H, 4.90; N, 7.56. Found: C,
61.58; H, 4.92; N, 7.55%.

4.1.3. Preparation of polymer-immobilized N-(p-vinyl-
benzenesulfonyl)-(S)-tryptophan 6. A 20 mL glass
ampoule equipped with a magnetic stirring bar was charged
with THF (5 mL), 5 (0.749 g, 2.02 mmol), styrene (3.98 g,
38.2 mmol), 2,2’-azobis(isobutyronitrile) (AIBN) (60 mg).
The ampoule was sealed after three freeze-thaw cycles
under liquid nitrogen. Copolymerization was carried out at
70 °C for 24 h. The ampoule was opened and the resulting
mixture was poured into methanol and the formed
precipitate was filtered, washed with methanol and dried
to give the corresponding polymer 6a as a white powder
(4.17 g, 88%). M,=28,000, M,/M,=2.27. '"H NMR
(300 MHz, CDCl3): 6 1.2-2.2 (polymer main chain CH,
CH,), 3.2 (br s, tryptophan CH,), 4.2 (br s, tryptophan CH),
6.3-7.6 (aromatic protons). IR (KBr) 3627, 3427, 3025,
2920, 1731, 1600, 1490, 1450, 1330, 1156, 1090. Anal.
Calcd for (C8H3)0A95(C19H18N204S)0A05: C, 8743, H, 729,
N, 1.19. Found: C, 87.50; H, 7.25; N, 1.22%.

Crosslinked polymers 6b-6j were prepared from 5, achiral
monomer, and crosslinking agent by the same procedure
described for the solution polymerization. After the
polymerization was completed gel was treated with
methanol. The methanol suspension of the gel was then
washed with methanol on a glass filter. The obtained
polymer was dried in vacuo.
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4.2. General procedure for the Mukaiyama aldol
reaction catalyzed by 16

A suspension of 3,5-bis(trifluoromethyl)boronic acid (5.8 g,
22.4 mmol) in benzene was heated for 12 h at reflux with
removal of water using CaH, in a Soxhlet thimble. The
resulting solution was cooled to room temperature and
concentrated in vacuo to give trimeric anhydride as a white
solid. A solution of boron trichloride (45 mL, 45 mmol) in
heptane was added to the above solid and heated at reflux for
6 h. After the solvent was removed the product 15 was
isolated as a colorless oil by distillation under reduced
pressure.'?

Compound 15 (32 mg, 0.11 mmol) prepared above was
treated with polymer-supported N-sulfonyl-(S)-tryptophan
6b (0.24 g, 0.1 mmol) suspended in dichloromethane
(4 mL) at room temperature. After being stirred for 1 h,
the reaction mixture was concentrated in vacuo to give the
polymer-supported oxazaborolidinone 16. A suspension of
16 in propionitrile (4 mL) was cooled to —78 °C. After
benzaldehyde (106 mg, 1 mmol) was added to the mixture,
1-phenyl-1-(triethylsilyloxy)ethylene (281 mg, 1.2 mmol)
in propionitrile (1 mL) was subsequently added dropwise.
The reaction mixture was stirred at —78 °C for 24 h and
then quenched by addition of saturated aqueous NaHCOs.
The polymeric catalyst was removed by filtration and the
filtrate was extracted with ether. The combined organic
phases were dried over MgSO, and evaporated. The residue
was dissolved in THF (2 mL) and 1 M aqueous HCI (2 mL),
and the resulting solution was allowed stand for 30 min.
Saturated NaHCO; was added and the mixture was
extracted with ether. The combined organic phases were
dried over MgSO, and evaporated to an oily residue. Silica
gel chromatography (hexanes/ethyl acetate, 4:1) afforded
224 mg (99% yield) of the aldol product 14. '"H NMR and IR
spectroscopic data are in agreement with those reported in
the literature.”* The enantioselectivity was determined by
chiral HPLC analysis using Chiralcel OD column (hexane/
2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, t¢=42.3 min (S), tz=47.0 min (R).

4.2.1. 3-Hydroxy-1-phenyl-3-(4-methoxyphenyl)-pro-
pan-1-one 18a. The enantiomeric excess was determined
by chiral HPLC analysis using Chiralcel OD column
(hexane/2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, ts=42.3 min (S), 1z =47.0 min (R).

4.2.2. 3-Hydroxy-1-phenyl-3-(4-bromophenyl)-propan-
1-one 18b. The enantiomeric excess was determined by
chiral HPLC analysis using Chiralcel OD column (hexane/
2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, t¢=49.4 min (S), tz=>56.2 min (R).

4.2.3. 3-Hydroxy-1-phenyl-3-(4-trifluoromethylphenyl)-
propan-1-one 18c. The enantiomeric excess was
determined by chiral HPLC analysis using Chiralcel OD
column (hexane/2-propanol, 20:1), flow rate =0.4 mL/min,
column temperature; 30 °C, tg=49.4 min (S), tx=>56.2 min

®).

4.2.4. 3-Hydroxy-1-phenyl-3-(4-nitrophenyl)-propan-1-
one 18d. The enantiomeric excess was determined by chiral

HPLC analysis using Chiralcel OD column (hexane/
2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, ts=47.8 min (S), tz=>56.5 min (R).

4.2.5. 3-Hydroxy-1-phenylheptan-1-one 18e. The enantio-
meric excess was determined by chiral HPLC analysis using
Chiralcel OD column (hexane/2-propanol, 20:1), flow
rate=0.2 mL/min, column temperature; 30 °C, tg=
32.7 min (S), 1r=36.8 min (R).

4.2.6. 3-Hydroxy-3-naphthalen-1-yl-1-phenylpropan-1-
one 18f. The enantiomeric excess was determined by chiral
HPLC analysis using Chiralcel OD column (hexane/
2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, t¢=>52.2 min (S), tz="71.8 min (R).

4.2.7. 3-Furan-2-yl-3-hydroxy-1-phenylpropan-1-one
18g. The enantiomeric excess was determined by chiral
HPLC analysis using Chiralcel OD column (hexane/
2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, ts=48.4 min (S), 1z =>54.3 min (R).

4.3. Asymmetric Mannich reaction using polymer-
supported oxazaborolidinone

Suspension of 16 (0.1 mmol, 10 mol%) prepared from 6b
(5% loading, 1% crosslinking) in THF (4 mL) was cooled to
—78 °C. After N-benzilidenebenzenamine (181 mg,
1 mmol) was added to the mixture, 1-phenyl-1-(triethyl-
silyloxy)ethylene (281 mg, 1.2 mmol) in propionitrile
(1 mL) was subsequently added dropwise. The reaction
mixture was stirred at —78 °C for 24 h and then quenched
by addition of saturated aqueous NaHCOj;. The polymeric
catalyst was removed by filtration and the filtrate was
extracted with ether. The combined organic phases were
dried over MgSO, and evaporated. The combined organic
phases were dried over MgSO, and evaporated to an oily
residue. Silica gel chromatography (hexanes/ethyl acetate,
1:1) afforded 280 mg (93% yield) of B-amino ketone 20. '"H
NMR (300 MHz, CDCl3): ¢ 3.47 (m, 2H), 5.02 (m, 1H),
6.50-7.90 (m, 15H). The enantiomeric excess (56% ee) was
determined by chiral HPLC analysis using Chiralcel OD
column (hexane/2-propanol, 3:1), flow rate=0.2 mL/min,
column temperature; 30 °C, tg=23.8 min (S), tz=29.1 min

(R).

4.4. Asymmetric allylation of benzaldehyde using
polymer-supported oxazaborolidinone

Suspension of 16 (0.1 mmol, 10 mol%) prepared from 6b
(5% loading, 1% crosslinking) in propionitrile (4 mL) was
cooled to —78 °C. After benzaldehyde (106 mg, 1 mmol) in
propionitrile (1 mL) was added to the mixture, trimethyl-2-
methallylsilane (153 mg, 1.2 mmol) was subsequently
added dropwise. The reaction mixture was stirred at
—78 °C for 24 h and then quenched by addition of saturated
aqueous NaHCOj;. The polymeric catalyst was removed by
filtration and the filtrate was extracted with ether. The
combined organic phases were dried over MgSO, and
evaporated. The combined organic phases were dried over
MgSO, and evaporated to an oily residue. Silica gel
chromatography (hexanes/ethyl acetate, 1:1) afforded
161 mg (99% yield) of homoallylalcohol 22. '"H NMR
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(300 MHz, CDCl5): 6 1.78 (s, 3H), 2.28-2.48 (m, 2H), 4.80
(m, 1H), 4.83 (br, 1H), 4.91 (br, 1H), 7.20-7.40 (m, 5H).
The enantiomeric excess (73% ee) was determined by chiral
HPLC analysis using Chiralcel OD column (hexane/
2-propanol, 20:1), flow rate=0.4 mL/min, column
temperature; 30 °C, t¢=19.9 min (S), tz=21.9 min (R).
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Abstract—Synthetic routes to terminally functionalized polyisobutylene oligomers useful as supports in synthesis and catalysis are
discussed and described. Such hydrocarbon polymers serve as highly soluble non-polar analogs of well known poly(ethylene glycol) supports
for synthesis and catalysis with the difference that they are separated after a reaction by an extraction with alkane solvent.
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1. Introduction

The most common organic polymer support is polystyrene.
In its cross-linked form with various pendant groups, this
insoluble material is the organic polymer support most
commonly used in biotechnology, in combinatorial
chemistry, in organic synthesis, and in environmental
chemistry. Many versions of this polymer with various
crosslinkers or pendant groups exist and are commercially
available.! Beginning in the 1960s, soluble polymers were
examined as alternatives to insoluble polymer supports for
organic chemistry.” Linear soluble polymers then and now
are as widely available as their insoluble analogs. However,
soluble polymers to this point are still used less in synthesis
and catalysis. This partly reflects a perception that soluble
polymer supports are harder to use or harder to separate
from reaction mixtures. Recently alternative approaches
using membranes or biphasic separations have developed
that are leading to increasing attention being paid to such
supports. Such soluble polymer supports have advantages
because of the facility with which species on such supports
can be characterized and modified and because groups on
such supports can more faithfully mimic the chemistry of
low molecular weight species.”

If one considers copolymers as well as homopolymers, there
are a countless number of soluble supports that one might
study. However, this paper and most work to date has
focused on homopolymers lightly modified with pendant or
terminal groups. The most common soluble polymer used in

Keywords: Poly(ethylene glycol); PEG; Polyisobutylene; Polymer
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synthesis has been poly(ethylene glycol) (PEG), a
terminally functionalized polyether.>> This reflects the
commercial availability of this polymer and its utility as a
modifying group for drug delivery and for facilitation of
drug bioavailability.® While PEG has historically been the
most used soluble polymer, there remain many alternatives.
The most contrasting alternative is polyethylene (PE)—
poly(ethylene glycol) that has been stripped of its oxygens.’
This polyolefin is perhaps the most common polymer.
However, polyethylene as a support has limitations that
limits its use in synthesis. First, the most useful forms of
polyethylene for synthesis would be low molecular weight
oligomers, which are not commercially available though
they can be synthesized by several routes.>® Second, there is
the practical problem of polyethylene’s solubility. Poly-
ethylene oligomers that would likely be useful in synthesis
are generally insoluble in any solvent below 60-70 °C.
Nonetheless, PE has the virtues of the inertness of alkanes, a
relatively transparent 'H NMR spectrum, and synthetic
versatility in end group modification.® This suggests that
while PE might not be generally useful as a support, that
other terminally functionalized polyolefins might merit
more attention.

An alternative polyolefin support that we have recently
begun to study is polyisobutylene (PIB).'"” PIB has the
chemical inertness of polyethylene. As an oil or fuel
additive, it is commercially available.'" More usefully,
unlike polyethylene, PIB and its derivatives are very
soluble. As shown in this paper, vinyl terminated oligomers
of polyisobutylene that are commercially available are
easily modified by conventional chemistry and are viable
precursors to many sorts of soluble polymeric reagents and
supported ligands.
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2. Results and discussion

Polyisobutylene (PIB) with vinyl groups is commercially
available and is t]yplcally synthesized by cationic polymeri-
zation (Eq. 1)."*"? It is a material that is prepared on a large
scale because of its utility in adhesives and in fuel
additives."' Our work has focused on modification of
vinyl-terminated polyisobutylene. The polymer we have
used here is available as a trade named product called
Glissopal (M,,=1000, Dp=18 or M,,=2300, Dp=41) in
tank car quantities and is predominantly vinyl terminated. A
"H NMR spectrum of the starting polymeric material used
here shows that the oligomer we used is predominantly
terminated with a=CH, group (Fig. 1). While there are
some internal trisubstituted alkene termini in these
oligomers, the proportion of these groups is <10% and
this impurity has little effect in the subsequent chemistry.

cationic
polymerization n

T Ty T T
5.1 5.0 49 48 47 PPM

.

T T T T T T T T T T T T T T T T T
8 6 4 2 PPM

Figure 1. 'H NMR spectrum of the starting vinyl-terminated
polyisobutylene (1). The diastereomeric vinyl protons for the terminal
=CH, group appear at ¢ 4.64 and 6 4.85. Some minor impurities are also
present, principally an internal alkenyl group at 6 5.25.

H
1 n

Several strategies were used to convert the terminal double
bond of 1 into functional groups useful in synthesis. Many
of these strategies have precedence in earlier studies of
others with PIB, PE, or PEG,13_15 but are reiterated here to
show the versatility of 1 for synthesis of useful organic
functional groups. These strategies can be divided into three
broad approaches—the design of functionality or the
preparation of reactive intermediates at PIB termini that
serve as nucleophilic sites for elaboration of the PIB, the
design of functional groups or intermediates that serve as
electrophilic entities for modification of PIB termini, and
the incorporation of new functionality at PIB termini by
concerted or catalytic reactions.

In the studies described below, the first chemical steps for
synthesis for functional PIB oligomers for synthesis and
catalysis involve oxidation of the terminal double bond of
PIB. The simplest example of this approach involves
conversion of the alkene into alcohols by hydroboration/
oxidation. The resulting —CH,OH groups can then be
converted into a variety of other species as shown in Figure 2.
An important feature of the chemistry in Figure 2 and of
the chemistry described throughout this paper is that the
terminally functionalized polyisobutylene oligomers being
prepared are easily analyzed by "H NMR spectroscopy. '*C
NMR spectroscopy can be used as well. As is true in PEG
derivatization chemistry, the 'H NMR spectra of PIB
derivatives is simplified by the fact that the protons of the
PIB oligomers largely do not interfere with analysis of the
functionality being introduced on PIB termini. In PEG
chemistry, the —CH,O- groups of the PEG backbone appear
as a singlet at ca. 3.6 6. While this peak overlaps regions of
interest for some functional groups, with high field
spectroscopy the PEG background signal only obscures a
small portion of the useful region of the "H NMR spectrum.
In PIB, the situation is even more favorable since the -CH,—

1. BH,-S(CH,),, THF
2. NaOH, H,0,, THF

2 n

¢0H3SO3CI Et,N, CH,Cl,

H OSO,CH,

n
EtOZCCHNaCO Et

l LiBr, acetone
heptane

CO,Et

2
4
H
n COEt .

o LlPRZ—BH3, THF

n

R = C¢H;, adamantyl, c-CH,,
5

NaN3, eptane-DMF
H\Qq\)\/ \3
6

Figure 2. Examples of simple reactions that successfully introduce useful organic functional groups onto terminally functionalized polyisobutylene.
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and —CH3; groups of PIB appear at 6 1.40 and 6 1.08—regions
that are largely unimportant in analysis of most organic
functional groups. A second common feature of 'H NMR
analysis of PEG and PIB derivatives is the high quality of
spectra for terminal functional groups. As shown in Figure 3,
the diastereotopic —CH,— protons of a —-CH,OH,
—CHQOSOQCH3, —CHQBr, —CHz— phthallmlde, _CH2NH2,
—CH,N;, —CH,-2-hydroxymethyltriazole, and —CH,-2-
bromomethyltriazole lead to a well resolved set of doublets
of doublets. A notable feature of these spectra is that even
very subtle differences can be seen. A particularly good
example of this is seen in the spectra the triazole derivatives
in Figure 3g and h where the identity of a —CH,X substituent
on the triazole rings leads to measurable differences (AJ is
<0.05 6) in the "H NMR spectra.

The reactions in Figure 2 produce a mixture of functionality
useful in further elaboration of PIB. Both the primary
mesylates and halides are useful electrophilic derivatives of
PIB and react readily with carbon and other heteroatom
nucleophiles. The principle caveat in such chemistry is that
some care has to be taken in the choice of solvent for such

reactions. Unlike PEG, PIB is not soluble in polar solvents
like N,N-dimethylformamide (DMF), methanol, and water.
PIB and its derivatives are, however, soluble in solvents like
THF, toluene, diethyl ether and in a homogeneous mixtures
of heptane with DMF at 70 °C, EtOH, and acetone at room
temperature. Generally, we have been able to take existing
chemistry in polar solvents and adapt it for PIB modifi-
cations like those in Figure 2, in some cases using octadecyl
groups as models of PIB.

Purification and isolation of PIB products of reactions like
those in Figure 2 and in the chemistry below generally has
involved simple heptane extraction. We had earlier shown
that PIB derivatives like 9 and 10 could be prepared such
that the terminal functionality consists of a polar azo dye or
a dansyl fluorophore. Studies using these labeled PIB
derivatives showed that PIB oligomers with such polar
groups are selectively soluble in heptane rich phases of
biphasic mixtures of a 1:1 (vol:vol) heptane and ethanol—
water or heptane and DMF at room temperature or below.
Thus, a PIB derivative prepared by a reaction in THF can be
separated from other polar organic reagents or starting

A, W

]|1||\\||1||||]||1|||111]||||]

3.45 3.40 3.35 3.30 PPM

1|11|1]\11||||11]1|||\|\11||\

4.05 4.00 3.95 3.90 PPM

(’JUM

LIS L I I

LIS I B B O O I ) B B B B 3.65 360 3.55 3.50 3.45 PPM

3.45 3.40 3.35 3.30 3.25 PPM

Ll

\|1|||1111|||\1||||1|||1\1||| T LIS S N I D B D B B B B B

T
2.55 2.50 2.45 2.40 PPM 325 3.20 3.15 3.10 3.05 PPM

425 420 415 410 405PPM 425 420 4.15 410 405 PPM

Figure 3. "H NMR spectra over various 0.3 6 regions for PIB derivatives showing the well resolved diastereopic doublet of doublets for the ~CH,— terminal
protons for (a) PIB-CH,OH; (b) PIB-CH,OSO,CH3;; (c) PIB-CH,Br, (d) PIB-CH,—phthalimide; (¢) PIB-CH,NH,; (f) PIB-CH,N3; (g) PIB-CH,-
2-hydroxymethyltriazole; and (h) PIB-CH,-2-bromomethyltriazole. All the PIB derivatives shown had n=17. We have also prepared PIB derivatives with

n=40. They have similarly well-resolved "H NMR spectra.
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materials by addition of heptane along with some water or
some other polar solvent to produce a biphasic mixture.'®
Typically, PIB derivatives can be designed to have a >99%
phase selective solubility in the heptane-rich phase.

HS
H N—ﬁ
n 0 CH,
o A
CH,

CH,
/
0 v~
n O
10

The conversions in Figure 2 were quantitative based on 'H
NMR spectroscopic analysis of the terminal functional

4 18 or 40

Et,NH
THF

groups of the starting PIB oligomers. In many cases,
the mass balance yields are correspondingly high (see
Section 4). An important feature of these conversions is the
facility with which we can determine the presence of as
little as 5 mol% of byproducts based on high resolution 'H
NMR spectroscopy. Other syntheses of polymeric reagents,
especially syntheses on insoluble supports, are less easily
assayed. In those cases, simple isolation of a predictable
mass of a polymeric derivative and an IR or other
spectroscopic analysis can fail to indicate the presence of
impurities in the product because a polymeric byproduct
has essentially the same solubility as the expected product
and because pendant groups on a soluble or insoluble
polymer chain generally have broadened '"H HMR spectro-
scopic signals—signals that preclude a very quantitative
assay of purity.

Another feature of PIB chemistry is that it is possible to
separate these materials from byproducts by column
chromatography. Column chromatography represents a
very important tool in conventional synthesis that is
obviously not useful in synthesis of cross-linked
polymeric reagents for synthesis. In the case of PIB
derivatives, we have, for example, successfully used
column chromatography to separate PIB derivatives from
reagents, byproduct, or even from other PIB derivatives.
An example of this is the synthesis of triazole-
terminated PIB derivatives that uses first a nucleophilic
substitution of PIB-CH,Br by NaN; followed by a
Cu-catalyzed ‘Click’ reaction.'”'® In this example, the
nucleophilic substitution to form the azide produces

J. Li et al. / Tetrahedron 61 (2005) 12081-12092

a small amount of alkene terminated PIB
(PIB-CHC(CH3)=CH,), which is separable from the
triazole terminated PIB derivative using a silica gel
column. Another example would be the synthesis of
PIB-CH,NH, from the PIB-CH,N; using triphenyl-
phosphine. In this case, the PIB-CH,NH, could be
separated from triphenylphosphine and other byproducts
by column chromatography.

PIB terminated with a —CH,Br or —CH,0SO,CH;
(—-CH,OMs) is a good substrate for nucleophilic substitution
reactions that lead to phosphine groups known to be useful
as ligands or reagents in synthesis. Several examples of
this chemistry are shown in Figure 2 above. The borane—
phosphines that are the original products of this chemistry
can be subsequently converted into free phosphines using
diethylamine in THF as shown in Eq. 2 below.

n-Buli THF VA
_—
P—R
H\P _BH, H \
a 18ord0 e
R R 5 or
T
2
N
R

Other nucleophilic substitution reactions of PIB—CH,Br
successfully lead to amines and amino derivatives. As
shown in Eq. 3 below, a primary amine-terminated
polyisobutylene can be prepared by a Gabriel synthesis.
This primary amine product in turn can be further elaborated
by using the primary amine nucleophilicity to prepare
amides, sulfonamides, maleimides as shown in Eqs. 4-6.

1:1 xylene:DMF

4 160 °C, 40 h

o}
H\M
H Br o - n N
n 7
o}

NH,NH,-H,0
2 2 2 H%)\/NHZ
1:1 ethanol:heptane n
reflux, 20 h 12
3)
: (0]
I
HW\/NHZ OH
" CDI, CH,Cl,, 12 h
“)

|
M
n
3 O
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o

30
o) /CHB
s
'4'1\>{\/J\/NH2 CH,
n

12 Et,N, CHCI, (5)

R
H N*ﬁ
n o) CH,
WS
CH,

HMDS, ZnBr, _

toluene

(6)

Ester-terminated polyisobutylenes can be prepared from
PIB-CH,OH using reactions like those in Eq. 7. The
example shown below introduces a spectroscopic label that
we used along with the dansyl groups in Eq. 5 to
demonstrate the phase selective solubility of PIB-derivatives
(vide supra).16

o d O O

toluene, pyridine, reflux, 24 h

CH,
/
A (Y
HM @N CH
e o
10

Substitution at the sp,-hybridized carbon of carbonyl
groups represents a very useful method for synthesis of
polymer supported reagents and ligands. We have used
several routes to prepare carboxylic acid derivatives of
PIB as shown below. The first of these routes (Eq. 8)
relied on a classical malonic ester synthesis. Starting with
the diethyl malonate derivative 8, base hydrolysis
followed by acidification and heating produced a
PIB-CH,CH,CO,H derivative. This proved to be the
most useful route for large scale synthesis of a PIB
carboxylic acid derivative.

)
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NaOH HCI

CO,Et
H
WVKCOZB heptane-EtOH  heptane-DMF
8 reflux, 24 h reflux, 48 h
H
N CO,H

16

®)

Alternative routes to form PIB—carboxylic acids are shown
in Egs. 9 and 10 below. The first of these routes used
KMnO, promoted oxidation of a PIB-CH,OH derivative.
This reaction, however, only proceeded to the extent of
68%—the product was contaminated by the starting
PIB—CH,OH. A phase transfer agent (MeO-PEG5000-OH)
had to be added in this case because of the insolubility of
KMnO, and we believe that the insolubility of the oxidant is
the source of the problem in this case. A second route to a
carboxylic acid derivative used a haloform reaction. This
reaction produced a product carboxylic acid that looked
homogeneous by 'H NMR spectroscopy (a single peak at 6
2.33 for the —CH,— group next to the —CO,H group).
However, on esterification of this product (EtOH,
p-CH3C¢H4SO3H), an ester product was produced that
had more than one type of —-CO,CH,CHj; group
suggesting that some other unidentified acids were also
present (this was not a problem with PIB-CH,CH,CO,H
prepared by the malonic ester route above).

KMnO,, PEG-5000  HCI
H
%OH CH,CI,/3% HOAC HMOH
n
2

250°C, 48 h 17 O
©))
I,, KI, KOH HCl OH
HWO THF-H,0 HWO
n
18 (Bu),N*Br-, 48 h 19
(10)

Our ultimate interests are organo- and transition metal
catalysis. The —CO,H-terminated PIB oligomers could be
converted into metal salts. This is a very simple route into
transition metal derivatives of PIB that we are now studying
in catalysis. Three examples of metal salt formation shown
in Eq. 1la—c. In the rhodium and palladium cases, the
Product metal salt is diamagnetic and can be analyzed by
H NMR spectroscopy, which shows a characteristic shift in
the PIB-CH,CH,CO,H methylene signal from ¢ 2.33 to 6 2.21
or d 2.15 for formation of the [(PIB-CH,CH,CO,),Rh], or
(PIB-CH,CH,CO,),Pd salt, respectively.

H\W\/\
n COH

16

Rh(OAc
[Rh(OAC),], Ny (1)
heptane-EtOH N COo; | Rhe+
20 2 1
Cu(OAc), [ T
H
heptane-EtOH N co; | cuzr (11b)
- 21 42
\| 1. £BUOK, CH,CI, [ i
H _ (11c)
2. Pd(OAc), N CO; | Pd?*
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The carboxylic acid groups of PIB-CH,CH,CO,H can also
be made into an acid chloride group, PIB-CH,CH,COCI.
This activated carboxylic derivative in turn can be used to
prepare amides and esters. An example of the former
reaction is the incorporation of a bis(aminopropyldiphenyl-
phosphinyl) group that serves as a ligand for transition metal
catalysts (Eq. 12).

socl,
H —_—
3 CO,H

16 23
HN(CH,CH,PPh,),

24

An alternative route to PIB derivatives involves ozonolysis
of the terminal alkene group. This produces an ozonide
intermediate that could be isolated and characterized by
NMR spectroscopy (CAUTION—ozonides are often ther-
mally unstable and, in many cases, can decompose
violently). However, we have generally chosen to avoid
isolation of this presumably unstable intermediate and have
instead converted the oxonide directly to a methyl ketone by
reduction with triphenylphosphine. A small amount of
aldehyde is also formed in this reaction presumably by
oxidation of the internal double bond of the starting PIB
oligomer. As noted above, this methyl ketone can be used to
prepare a carboxylic acid derivative.

B-Diketones are a common anionic ligand used to form
transition metal complexes. Such complexes can catalyze
a variety of reactions. Such ligands are less commonly
used though with most polymer supports because metals
typically have two or more diketonate ligands. If these
diketonate ligands are attached to a crosslinked polymer
or are present as pendant groups on a soluble polymer,
this polyvalency produces crosslinks that can alter the
solubility or swellability of the support. However, in
the case of PIB, introduction of B-diketonate groups on
the terminus will not lead to crosslinking but rather will
form star-like polymer-metal complexes.

Our group has successfully synthesized several types
of PIB-supported B-diketones. First, starting with the

H
n COcClI

1. MgBr,-OEt,

temperature, a solution of the acid chloride 23 was
added dropwise (Eq. 13). After the reaction mixture was
worked up with acid, the product PIB-bound B-diketones
were isolated and characterized by 'H NMR spec-
troscopy. The products as expected existed as a mixture
of keto and enol tautomers with an enol H at 14-17 ¢
and an alkene C-H in the 4-6 ¢ range. Importantly, the

12)

H
1‘>{})\/\CON(CHZCHZPPhZ)2

spectra of the PIB-CH,CH,COCH,COCH; and
PIB-CH,CH,COCH,COC(CH3); matched the spectra of
lower molecular weight analogs, CH;COCH,COCH; and
CH;COCH,COC(CHs3);.

H ol _RCOCHLi
n
23 o
n (13)
O O
+
H
R
n =
OH O
25: R=-CH, 26: R=-C(CH,),

Several other routes leading to B-diketone terminated PIB
oligomers were also explored. A second route shown below
started with #-butylacetylacetonate (Eq. 14). Enolization of
this acetoacetic acid ester followed by treatment with the
electrophilic PIB-CH,CH,COCl led to a tricarbonyl product
that could be decarboxylated after acidolysis of the tert-
butyl ester. The product PIB-CH,CH,COCH,COCH; was
identical to the B-diketone prepared as described above.

\[]/\[]/OC(CHS)3

O O

CH,SO,H, CH,CI,

2 H
cl
N 27

Oy_OC(CH,),
H
n

(0] (o]
o) (14)

30°C, 16 h

PIB-acid chloride, PIB-CH,CH,COCI, as an electro-
phile, we formed fB-diketones using as nucleophiles the
lithium enolates of acetone and of pinacolone. After
warming the enolate solution or suspension to room

YA

25 O O

Although the above routes to B-diketone ligands were
successful, the overall route is experimentally tedious. To
simplify the route we redesigned our synthesis using the
enolate of PIB-CH,COCH3; as a nucleophile. This route
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used the solubility of PIB-CH,COCH; to advantage in
that we could deprotonate this oligomeric methyl ketone
with LDA in THF at —78 °C. Our most successful work
with this route is the chemistry shown in Eq. 15 where
ethyl trifluoroacetate was used as the electrophile. An
analogous reaction using pivalolyl chloride as the
electrophile and PIB-CH,COCH,Li as the nucleophile
(Eq. 16) was less successful. While the expected
B-diketone product formed, there was another unknown
species present as evidenced by a singlet in the 'H NMR
spectrum of the product at ¢ 3.7.

W 1. LDA, -78 °C, THF o o
H
o H
4 2. CF,CO,Et WCCQ
17 28
5)
HW 1. LDA, -78 °C, THF
n O 2. (CHy),ccocl
17
(16)
0O o
HW
N C(CH,),

29

Friedel Crafts chemistry also works as a method for
modifying the starting vinyl-terminated PIB oligomer 1
(Eq. 17). This chemistry has the virtue that it avoids any
problems that might arise from the modest amount of
internal alkene in the starting material since the same
arene product is expected in Friedel Crafts arylation
regardless of whether the internal and terminal alkene
starting material is used. Only the para alkylated product
was seen. A disadvantage is that this chemistry in our
hands required a strongly activated arene (e.g., a phenol
derivative). In our hands, Friedel Crafts chemistry failed
with an alkylbenzene arene nucleophile.

HM
n CgHsX

+ CH,Cl,, conc. H,SO,

a7)

Finally, concerted reactions can be used to decorate the
terminus of PIB with functionality that we expect to
use in catalysis and synthesis. Two sorts of reactions
have been studied. The first used a PIB-bound
maleimide as a dienophile in reaction with both furan
and with hydroxymethylanthracene (Egs. 18 and 19).
Both reactions work well. The latter product, 33, has
precedence as a supported species in polymer-supported

chemistry.

@w@

OH

19)

The second procedure used the relative new chck’
chemistry recently developed by the Sharpless group.'” As
noted above, we could easily prepare PIB-CH,Nj; by
nucleophilic substitution of PIB-CH,Br. This azide in turn
could be converted with high regioselectivity into a triazole
by reaction with alkynes just as is seen in low molecular
weight examples of triazole formation from azides and
terminal alkynes (Eq. 20). Further modification of these
products could be carried out using conventional chemistry.
For example, as noted above, even subtle changes in
terminal groups (i.e., conversion of the —-CH,OH group of
the triazole 34 to a —CH,Br group) could be detected by 'H
NMR analysis (cf. Fig. 2g and h above).

H—C=C—CH,OH

N=N OH (20)
H‘M'\l‘\/)\/

34: R = -CH,0OH
35: R = -CH,CH,CH,CH,CO,H

3. Conclusions

Polyisobutylene is a suitable synthetic platform for a variety
of organic transformations, transformations that make this
readily available polymer into a hydrocarbon soluble analog
of poly(ethylene glycol) as a support for use in synthesis and
catalysis. Like poly(ethylene glycol), this support can be
readily characterized by solution-state 'H and '*C NMR
spectroscopy. Unlike poly(ethylene glycol), this support
cannot be separated by precipitation. However, as shown by
the synthetic work described here, this support and its end-
functionalized derivatives can be separated by extraction
or by virtue of its preferential phase selective solubility in
non-polar phases of biphasic mixtures.

4. Experimental

4.1. General procedures

Polyisobutylene was obtained from BASF while all other
reagents and solvents were obtained from commercial
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sources (Aldrich). Two types of polyisobutylene were
used—~@Glissopal 1000 and Glissopal 2300 (=17 and 40
in Eq. 1). Reagents were used without further purification
unless otherwise noted. "H NMR spectra were obtained on
Varian Inova, 300, Mercury 300, or Inova 500 spectro-
meters at 300 or 500 MHz and reported in ppm
referenced to TMS or CDCl;. '>C NMR spectra were
obtained on Varian Inova 300, Mercury 300, or Inova 500
spectrometers at 75 or 125 MHz and reported in ppm
referenced to the chloroform contaminant in CDCl; unless
otherwise stated. The PIB derivatives generally contained
peaks in the 6 0.8—1.6 range that were assigned to the ca. 180
protons of the oligomer chain. Crude products also often
contained alkane solvent that appeared in this region, but
even crude products’ purities were readily assessed by
examining the end groups whose functional groups’ protons
inevitably appeared downfield of the alkane region. IR
spectroccopy data was obtained on a Mattson Instruments
4021 Galaxy Series FT-IR. Microwave reactions were
completed in a Personal Chemistry Emrys Creator model
microwave reactor.

4.1.1. PIB-CH,O0H (2). The starting vinyl-terminated PIB
(50 g, 50 mmol) was dissolved in 100 mL of hexane and
then was allowed to react with neat BH;—SMe, (8.5 mL,
17 mmol). After 24 h, the reaction mixture was cooled to
0 °C and 40 mL of ethanol and 12 mL of 4 N NaOH were
added, oxidation to form the alcohol was accomplished by
dropwise addition of 8 mL of 30% H,0,. The oxidation was
allowed to proceed for 2 h at which point 300 mL of H,O
was added. The solution was extracted with hexane (5X
100 mL), and then washed with H,O (3X50 mL), brine
(1X50 mL). The organic phase was dried over MgSO,,
filtered and solvents were removed under pressure. After
drying under vacuum for 24 h, a total yield of 52 g (102%
yield possibly containing trace hexanes) of product
(PIB-CH,OH) (2) was obtained: '"H NMR 0.75-1.46 (m,
180H), 3.31 (dd, J=7.5, 10.2 Hz, 1H), 3.48 (dd, /=54,
10.2 Hz, 1H).

4.1.2. PIB-CH,0S0,CH; (3). PIB-CH,OH (10 g,
9.8 mmol) was dissolved in 100 mL of CH,Cl, and cooled
to 0 °C. Then methanesulfonyl chloride (2.3 mL, 29 mmol)
and triethylamine (4.3 mL, 31 mmol) were added dropwise.
The reaction mixture was allowed to stir for 6 h after
warming to room temperature. The solvent was removed
under reduced pressure and the resulting mixture was taken
up with 300 mL of hexane, washed with H>O (3 X30 mL)
and 90% EtOH (4 X50 mL). The organic phase was dried
over MgSOy,, filtered and the solvent was removed under
reduced pressure. A total yield of 10.5 g (97.8%) of product
was obtained after drying under vacuum for 24 h: "H NMR
0.88-1.39 (m, 180H), 1.95 (m, 2H), 2.96 (s, 3H), 3.88 (dd,
J=17.5, 9.3 Hz, 1H), 4.06 (dd, J=5.4, 9.3 Hz, 1H).

4.1.3. PIB-CH,Br (4). A sample of PIB-CH,OH (10 g,
9.8 mmol) was dissolved in 100 mL of dichloromethane and
cooled to 0°C and, methanesulfonyl chloride (2.3 mL,
29 mmol) and triethylamine (4.3 mL, 31 mmol) were added
dropwise. The reaction mixture was allowed to stir for 6 h
after warming to room temperature. The solvent was
removed under reduced pressure and then the resulting
mixture was dissolved in a mixture of 100 mL of heptane

and 100 mL of acetone. LiBr (9 g, 103 mmol) was added
and this reaction mixture was heated to 80 °C for 24 h. After
cooling to room temperature, an additional 200 mL of
hexane was added. The resulting alkane phase was
separated and was washed with H,O (1X50 mL) DMF
(5% 10 mL), H,O (2X20 mL), and dried over Na,SO,. The
solvent was removed and residue was dried under vacuum to
give 9.4 g (88.6%) of product 4: 'H NMR 0.76-1.49
(m, 180H), 3.27 (dd, /=6.9, 9.6 Hz, 1H), 3.41 (dd, J=4.8,
9.6 Hz, 1H).

4.1.4. PIB-CH,P(CsH,y),-BH; (5). In a procedure
representative of that used for other phosphines, dicyclo-
pentylphosphine—borane (1 g, 5.4 mmol) was dissolved in
10 mL of freshly distilled THF. This solution was cooled to
—78 °C and 3.8 mL of 1.6 M n-BuLi (6.1 mmol) in hexane
was added by syringe. Stirring this solution first at this
temperature for 2h and at room temperature for 6 h
produced a lithiated phosphine. This reaction mixture was
then cooled to —78 °C and a solution of PIB-CH,Br (2 g,
1.8 mmol) in 10 mL of freshly distilled THF was added by
forced siphon using a cannula. This reaction mixture was
stirred at this temperature for 2 h and at room temperature
for 12 h. The solvent was removed under reduced pressure,
the resulting mixture was taken up in 100 mL of diethyl
ether, washed with H,O (2X20 mL), and finally dried over
MgSO,. To isolate the product, this solvent was removed
under reduced pressure and the residue was dissolved in
100 mL of hexane, washed by DMF (3X10 mL), 90%
EtOH (5X10 mL), and the hexane phase was dried over
Na,SO,4. The product phosphine—borane complex was
further purified by silica gel chromatography (hexane/
EtOAc: 10:1). Final removal of solvent yielded 1.8 g
(82.6%) of product S: '"H NMR 0.81-1.39 (m, 180H),
1.52-1.68 (m, 16H), 1.82-1.87 (m, 2H), 1.94-2.05 (m); *'P
NMR 25.98.

4.1.5. PIB-CH,P(CsHy), (11). Removal of the borane
group from the PIB phosphines followed this representative
procedure. A solution of PIB-dicyclopentylphosphine—
borane complex (0.8 g, 0.68 mmol) in 10 mL of freshly
distilled THF and 10 mL of diethylamine was prepared.
This solution was sealed and the air in the flask was
removed by five freeze-pump-thaw cycles. Then the
reaction mixture was heated to 55 °C for 24 h. After cooling
to room temperature the solvent was remove under pressure.
The resulting mixture was dissolved to 15 mL of hexane and
washed with 90% EtOH (2 X5 mL) and dried over Na,SO,.
Removal of solvent and drying under vacuum for 24 h to
yielded 0.6 g (75%) of product 11, which was characterized
by *'P NMR spectroscopy: *'P NMR — 11.06.

4.1.6. PIB-CH,N3; (6). PIB-CH,Br (16 g, 14.5 mmol) was
dissolved in 250 mL of dry heptane. Then sodium azide
(1.23 g, 18.8 mmol) and 250 mL dry of DMF were added to
the solution. The resulting biphasic mixture was heated to
90°C for 12 h. The monophasic reaction mixture that
formed was allowed to cool to whereupon a biphasic
mixture formed and the heptane and DMF layers were
separated. The heptane phase was washed with three 30-mL
portions of methanol followed by two 20-mL portions of
brine. The resulting solution was dried over MgSQ,, filtered
and the solvent removed under reduced pressure to yield
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14.6 g (94%) of the desired azide 6: "H NMR 0.86-1.44 (m,
207H), 1.73-1.85 (br, 1H), 3.04 (dd, J=7.57, 11.72 Hz,
1H), 3.20 (dd, J=5.62, 11.72 Hz, 1H). IR (neat, cm ™ '):
2097.

4.1.7. Phthalimide terminated poly(isobutylene) (PIB—
phthalimide) (7). A mixture of potassium phthalimide
(3.0 g, 16.2 mmol) and 4 (9.0 g, 8.3 mmol) in heptane/DMF
(150 mL/150 mL) was stirred at 100 °C for 24 h. The
reaction was cooled to room temperature and 300 mL. of
hexane was added. The non-polar hexane phase was isolated
and washed with H,O (3X40 mL), and 90% EtOH (4 X
25 mL). The organic phase was then dried over Na,SO,, and
the solvent removed in vacuo to yield 8.5 g (89.3%) of 7: 'H
NMR 0.76-1.49 (m, 180H), 3.47 (dd, /=38.1, 13.4 Hz, 1H),
3.59 (dd, /J=6.6, 13.4 Hz, 1H), 7.68 (dd, /=3.0, 5.4 Hz,
2H), 7.82 (dd, /=3.0, 5.4 Hz, 2H).

4.1.8. Amine terminated polyisobutylene (PIB-NH,)
(12). A solution of hydrazine hydrate (18 mL, 314 mmol)
and 7 (8.0 g, 7 mmol) in 400 mL of 1:1 ethanol/heptane was
heated to reflux for 20 h. The reaction was allowed to cool to
room temperature and 50 mL of H,O was added. The
organic phase was then washed with H>O (3 X40 mL), 90%
EtOH (4X25mL). The heptane phase was dried over
Na,S0O, and the solvent removed under vacuum distillation
to yield 7.5 g (106% presumably containing ca. 6% heptane
solvent) of 12: "H NMR 0.76-1.49 (m, 180H), 2.41 (dd, J=
7.5, 12.4 Hz, 1H), 2.59 (dd, J=5.4, 12.4 Hz, 1H).

4.1.9. Dansyl-labeled poly(isobutylene) (PIB-dansyl) (9).
A solution of dansyl chloride (0.34 g, 1.25 mmol), 12 (0.5 g,
0.5 mmol), and triethylamine (3.0 mL, 0.4 mmol) in 20 mL
of chloroform was refluxed for 24 h. The solvent was
removed under reduced pressure and the residue taken up
100 mL of hexane and washed by 90% EtOH (3 X20 mL).
The organic phase was dried over MgSQO,, the solvents
removed under reduced pressure, and the product dried in
vacuo for 24 h to give 0.40 g (64%) of 9 as a light yellow
liquid: 'H NMR 0.77-1.39 (m, 180H), 2.54-2.62 (m, 1H),
2.73-2.82 (m, 1H), 2.86 (s, 6H), 4.54 (t, J=6.3 Hz, 1H),
7.17 (d, J=17.5 Hz, 1H), 7.52 (m, 2H), 8.29 (m, 2H), 8.51 (d,
J=8.4 Hz, 1H).

4.1.10. Methyl red-labeled polyisobutylene (PIB-MR)
(10). A solution of 2 (1.8 g, 1.8 mmol) in 50 mL of toluene
was allowed to react with the acid chloride derivative of
p-methyl red 15 (0.5 g, 1.7 mmol)'® in the presence of 1 mL
of pyridine. The reaction was stirred at reflux for 24 h and
the solvent removed under reduced pressure. The residue
was taken up in 300 mL of hexane and washed with 90%
EtOH (10X30mL). The organic phase was dried over
MgSO,, the solvents were removed under reduced pressure
and dried in vacuo for 24 h to give 1.7 g (74.5%) of 10 as a
viscous red liquid: IR (neat, cm l) 2953, 2889, 2263, 1710,
1606, 1517, 1477, 1397, 1373, 1277, 1245, 1141, 916, 740;
"H NMR 0.80-1.43 (m, 180H), 2.06 (m, 1H), 3.07 (s, 6H),
4.01-4.07 (dd, /=7.8, 10.5 Hz, 1H), 4.17-4.23 (dd, J=5.7,
10.5 Hz, 1H), 6.71 (d, /=9.3 Hz, 2H), 7.86 (t, J=9.3 Hz,
4H), 8.17 (d, J=8.7 Hz, 2H).

4.1.11. PIB-CH,NHCOC¢H,4I (13). A solution of p-iodo-
benzoic acid (0.92 g, 3.6 mmol) in 100 mL of dry CH,Cl,

was prepared and transferred to a flame-dried, two-necked
flask fitted with a condenser, stir bar, and nitrogen inlet.
Carbonyl diimidizole (0.51 g, 3.11 mmol) was added to the
reaction and the mixture stirred at room temperature for 3 h.
A dry solution of PIB-CH,NH, (2.59 g, 2.55 mmol) in
100 mL of CH,Cl, was transferred by forced siphon to the
activated acid and the reaction heated at reflux for 24 h.
The solvent was removed under reduced pressure and the
product was dissolved in 300 mL of hexanes. The hexane
solution was then washed with water (2X20 mL), Na,CO;
saturated methanol (3X60 mL), brine (3X30 mL), and
finally dried over Na,SO,. The solvent was removed by
reduced pressure to yield 2.93 g (92.2%) of the desired
amide: "H NMR 0.90-1.41 (m, 165H), 1.78-1.90 (m, 1H),
3.35 (m,1H), 3.20 (m, 1H), 6.08 (br, 1H), 7.49 (d, J=
8.55 Hz, 2H), 7.79 (d, J=8.55 Hz, 2H); '*C NMR (CDCls,
0): 98.35, 128.58, 134.45, 137.94, 166.87; IR (neat, cm ™)
3305, 1638.

4.1.12. PIB-CH,CH(COOEt), (8). A solution of Na
(1.6 g, 689 mmol) in 100 mL of absolute ethanol was
prepared. Then of diethyl malonate (11.4 mL, 74 mmol)
was added and stirred at room temperature for 30 min. A
solution of PIB-CH,OMs (7 g, 6 mmol) in 50 mL of
heptane was also prepared and the 35 mL of the ethanolic
solution of the sodium diethyl malonate was added to this
mesylate. After heating at 80 °C for 12 h, the reaction
mixture was cooled to room temperature, 200 mL of hexane
was added, and the hexane solution was washed with H,O
(2X30mL) and dried over Na,SO,. The solvent was
removed under pressure and the product was dried under
vacuum for 24 h to yield 6.5 g (87.6%) of product: '"H NMR
0.88-1.39 (m, 186H), 3.35-3.40 (dd, /=6.3, 8.7 Hz, 1H),
4.12-4.21 (m, 4H).

4.1.13. PIB-CH,CH,COOH (16). A mixture of PIB-CH,-
CH(COOEt), (6.5g, 5.6 mmol) and sodium hydroxide
(2.6 g, 65 mmol) was dissolved in 50 mL of ethanol and
50 mL of heptane, and the solution was heated to 80 °C for
40 h. After cooling to room temperature, the solution was
neutralized by concentrated HCI. Then 50 mL of H,O was
added, the organic phase was separated and the water phase
was extracted by hexane (3X50mL). The combined
organic phases were washed by DMF (3X 10 mL), 90%
EtOH (3 X 10 mL), H,O (2X20 mL), and finally dried over
Na,SO,. After the solvents were removed under reduced
pressure, the product was dried under vacuum for 24 h to
give 5.4 g (87.3%) of PIB-CH,CH(CO,H),: 'H NMR 0.76—
1.48 (m, 180H), 1.98 (m, 2H), 3.49 (dd, /=6.3, 8.4 Hz, 1H);
IR (neat, cm ™~ '): 1722. This diacid was then decarboxylated
by adding this diacid product (5 g, 4.53 mmol) to a mixture
of 5 mL of concentrated HCI, 5 mL of H,O in 50 mL of
DMF and 50 mL of heptane and heating this mixture at
120 °C for 40 h. After cooling to room temperature, the
heptane rich phase was isolated. The DMF rich phase was
extracted with hexane (3 X30 mL). The combined heptane
and hexane phases were washed by H,O (2X20 mL), brine
(20 mL) and dried over Na,SO,4. The solvents were removed
under reduced pressure and the product was dried under
vacuum for 24 h to give 4 g (83.2%) of the desired product:
"H NMR 0.84-1.76 (m), 2.30-2.36 (m).
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4.1.14. PIB-CH,CH,COCI (23). A sample of PIB-CH,-
CH,COOH (1.2 g, 1.1 mmol) and 20 mL of toluene (dry)
was added to a 100 mL flask. Then thionyl chloride (2 mL,
27 mmol) was added to this solution dropwise at room
temperature. The reaction mixture was heated to 115 °C for
4 h. After cooling, the solvent was removed under reduced
pressure and the residue was examined by IR (1802 cm ™)
after drying under vacuo for 2 h. The PIB-acid chloride so
obtained was typically used in further steps without further
analysis.

4.1.15. PIB-CH,CH,CON((CH,),PPh,), (24). A 2¢g
sample (2 equiv) of PIB-CH,CH,COOH (16) prepared as
described above was dissolved in 20 mL of dichloro-
methane. Then the —CO,H group was activated. This
could involve formation of an acid chloride like 23. It was
equally effective to use ethylchloroformate and N-methyl-
morpholine to form a mixed anhydride. In either case, once
the activated polyisobutylene carboxylic acid derivative
was formed, the system was sealed and the air in the vial
was removed by five freeze-pump-thaw cycles. Then
bis(diphenylphosphinylethylamine) (DPPA) (0.21 g,
0.87 mmol) was added and the reaction mixture was stirred
for 24 h at room temperature. The solvent was removed by
vacuum at room temperature, 15 mL of deoxygenated
hexane was added, and the hexane phase was washed by
90% EtOH (2X 8 mL) and finally dried over Na,SO,. The
alkane solvent was removed under reduced pressure and
the residue dried under vacuum for 24 h to give 1.9 g (78%)
of product 24: "H NMR 0.81-1.65 (m, 180H), 2.00-2.12 (m,
2H), 3.28-3.35 (m, 6H), 7.29-7.40 (m, 10H); *'P NMR
—15.83.

4.2. Phase selectivity solubility tests of dye-labeled PIB
derivatives

Phase selectivity solubility measurements of this dye-
labeled PIB derivative were carried out as described
previously.'®

4.2.1. PIB-COCH; (18). Polyisobutylene (PIB) (18.3 g,
18.3 mmol) was dissolved in 150 mL of toluene in a 500 mL
flask. This reaction mixture was then cooled to —78 °C and
treated with ozone in an ozonolysis apparatus for 30 min.
After the residual ozone was removed by degassing with N,
for 20-30 min, triphenylphosphine (24 g, 91 mmol) was
added. To insure complete reduction of the ozonide, this
reaction mixture was allowed to stir at room temperature for
12 h. At this point, the absence of peroxides could be
verified with a peroxide test. Then most of the toluene was
removed under reduced pressure to form a slurry of the
product and triphenylphosphine/triphenylphosphine oxide.
Filtration was used to remove the solid and the filtrate was
dissolved in a mixture of 150 mL of DMF and 150 mL of
heptane. To facilitate removal of any residual triphenyl-
phosphine, this solution was refluxed in air for 12 h (to
oxidize the triphenylphosphine) and cooled to room
temperature. The heptane phase of the biphasic mixture
was separated. If any triphenylphosphine remained in this
solution, more DMF was added and the reflux was
continued. Otherwise, the heptane phase containing 18
was washed with DMF (20 mL X 2), H,O (20 mL X 2), brine
(20 mL), dried over Na,SO,. Finally the solvent was

removed under reduced pressure to give 17 g (93%) of
product 18: 'H NMR 0.84-1.48 (m, 180H), 2.10 (s, 3H),
2.42 (s, 2H); IR (neat, cm™ ") 1722.

4.2.2. PIB-CcH4OH (30). In a 500 mL of flask was added
polyisobutylene (10 g, 10 mmol) and phenol (19 g,
200 mmol) in 100 mL of dichloromethane. The reaction
mixture was cooled to 0 °C, 6 mL of concentrated H,SO,
was added slowly, and the resulting mixture was stirred first
at 0 °C for 1 h and then at room temperature for 60 h. The
solvent was removed under reduced pressure and the crude
product was dissolved in 300 mL of hexane. This hexane-
rich phase was washed with 90% EtOH (50 mL X2), DMF
(50 mL X 2), 90% EtOH (30 mL X 2), and finally dried over
Na,SO,. Then the hexane was removed under reduced
pressure to yield 9 g (82%) of product 30 after drying for
24 h under vacuum: 'H NMR 0.79-1.39 (m, 180H), 4.99 (s,
br, 1H), 6.72 (d, J=8.7 Hz, 2H), 7.20 (d, J=8.7 Hz, 2H).

4.2.3. PIB-CcH4OCH; (31). A solution of polyisobutylene
(10 g, 10 mmol) in 100 mL of anisole was carefully
combined with 5 mL of concentrated H,SO, at 0 °C and
this reaction mixture was stirred first at 0 °C for 1 h and then
at room temperature for 60 h. The solvent was removed
under reduced pressure. The resulting organic product was
dissolved in 400 mL of hexane and washed with 90% EtOH
(50 mL X 2), DMF (50 mLX?2), 90% EtOH (30 mLX?2),
and finally dried over Na,SO,. After the solvent was
removed and the product dried under vaccum for 12 h, 10 g
(90%) of product 31 was obtained: '"H NMR 0.82-1.43
(m, 180H), 3.79 (s, 3H), 6.84 (d, /=9.0 Hz, 2H), 7.29 (d,
J=9.0 Hz, 2H).

4.2.4. PIB-CH,CH,COCH,COCHj; (25). This B-diketone
derivative was prepared following a procedure analogous to
that shown above for 26. As was true for 26, the '"H NMR
spectrum was mostly for the enol (ca. 90%) and consisted of
the following peaks: 0.8-1.43 (m), 2.05 (s, enol CH3), 2.15
(s, keto CHj3), 2.25 (m, PIB-CH,—CO- of the enol
tautomer), 2.46 (m, PIB-CH,—CO- of the keto tautomer),
3.56 (s, -COCH,CO- of the keto tautomer), 5.48 (s, =CH-
of the enol tautomer), and 15.5 (-OH of the enol tautomer).

4.2.5. PIB-CH,CH,COCH,COC(CH3); (26). To a
solution of diisopropylamine (1.3 mL, 9 mmol, distilled
from CaH, and stored over 4 A molecular sieves) and
10 mL of dry THF was added dropwise 5.3 mL of a 1.6 M
solution of n-BuLi (8.4 mmol) in hexane at —78 °C. After
30 min, pinacolone (1.1 mL, 9 mmol) was added dropwise
to the solution of LDA in THF above made at —78 °C (a
white solid was precipitated, which is the enolate of
pinacolone). After another 30 min, when deprotonation of
pinacolone was complete, the reaction mixture was warmed
up to room temperature to dissolve the enolate. Then 15 mL
of a THF solution of PIB-acid chloride (from PIB-acid, 3 g,
2.8 mmol) was added dropwise to this enolate solution using
a syringe. The reaction mixture was then cooled to 0 °C with
an ice-water bath and stirred overnight. The reaction
mixture was quenched with 6 M HCI, and the solvent was
removed under reduced pressure. The residue was dissolved
in 60 mL of hexanes and washed with 90% EtOH (2X
15 mL), DMF (4 X 15 mL) and 90% EtOH (3 X 15 mL). The
resulting solution was dried over sodium sulfate overnight.
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The solvents were removed under reduced pressure and the
residue was dried in vacuo for 24 h to give 2.8 g (88%) of
product 26 as a viscous yellow liquid: "H NMR 0.8-1.43
(m), 2.07 (m, PIB-CH,—CO- of the enol tautomer), 2.48 (m,
PIB-CH,—CO- of the keto tautomer), 3.62 (s, -COCH,CO-
of the keto tautomer), 5.6 (s, =CH- of the enol tautomer),
15.82 (s, —OH of the enol tautomer). The principle species
present (ca. 85%) was the enol form of the B-diketone.

4.2.6. PIB-COCH,COCF;3 (28). To a solution of diiso-
propylamine (4.6 mL, 32.6 mmol) and 35 mL of dry THF
was added dropwise 19 mL of 1.6 M solution of n-BuLi
(30.4 mmol) in hexane at —78 °C. After 30 min, 10.2 g
(10.2 mmol) of 18 in 25 mL of THF was added dropwise at
—78 °C to the solution of LDA in THF above made. After
another 30 min, when deprotonation was completed, ethyl
trifluoroacetate (2.4 mL, 20.4 mmol) was slowly added to
the reaction mixture using a syringe. The reaction was kept
at —78 °C for 2 h and then warmed up to room temperature
overnight. The reaction mixture was quenched with 6 M
HCI. After the reaction solvents were removed at reduced
pressure, the residue was dissolved in 100 mL of hexanes
and washed with 90% EtOH (2 X 20 mL), DMF (2 X20 mL)
and 90% EtOH (3X20 mL). The final hexane phase was
dried over sodium sulfate and the hexane was removed
under vacuum to yield 10.3 g (96.6%) of product 28: 'H
NMR 0.8-1.43 (m), 2.35 (s, 2H), 5.82 (s, 1H); '*C NMR
97.95 (s), 117.2 (q, J=284.12 Hz), 177.5 (q, J=36.21 Hz),
195.45 (s).

4.2.7. PIB-COOH from iodoform reaction (19). To a
solution of 18 (1.35 g, 1.35 mmol) in 40 mL of THF in a
250-mL flask was added 30 mL of 5M KOH and 0.3 g
(1 mmol) of tetrabutylammonium bromide (TBAB). The
resulting mixture was stirred for 1.5 h at room temperature.
After that, 10 mL of 0.5 M I,/KI (5 mmol) in water was
added to the reaction mixture. After 48 h, the reaction
mixture was separated and the organic solvent was removed
under reduced pressure. The organic residue was dissolved
in 40 mL of hexanes and then filtrated to remove TBAB.
The organic phase was first washed with 6 M HCl (2X
10 mL), DMF (3 X 15 mL) and 90% EtOH (3 X 15 mL). The
organic phase was finally dried over sodium sulfate and the
solvent removed in vacuo to yield 1.28 g (94.1%) of
product: '"H NMR 0.8-1.9 (m), 2.33 (s, 2H).

4.2.8. PIB-CH,CH,COCH(COCH;)COOC(CHs); (27).
In a 100-mL, two-necked dry flask equipped with a
magnetic stir bar, was placed MgBr,-OEt, (1.55¢g,
6 mmol) and 30 mL of dichloromethane under nitrogen.
The resulting heterogeneous mixture was cooled down to
0 °C by ice bath, and then fert-butyl acetoacetate (0.7 mL,
4 mmol) was added to the reaction mixture by a syringe with
vigorous stirring. Then pyridine (0.7 mL, 8 mmol) was
slowly added to the heterogeneous mixture. After the
mixture was stirred for 15 min at 0 °C, a solution of PIB-
acid chloride (from PIB-acid, 2 g, 2 mmol) in 25 mL of
dichloromethane was added dropwise to the flask by
syringe. The resulting mixture was stirred for 15 min at
0°C and 24h at room temperature. The solvent was
removed under reduced pressure and the residue was
dissolved in 40 mL of hexanes. The hexane phase was
washed with 6 M HCl (2X10mL), DMF (4X10 mL)

and 90% EtOH (3X 10 mL) and water (2X 10 mL). After
drying over sodium sulfate, the solvent was removed under
reduced pressure to give 2.0 g, (85.5%) of product 27: 'H
NMR 0.8-1.43 (m), 2.26 (s, 3H), 2.6 (m, 2H), 17.43 (s, 1H).

4.2.9. PIB-CH,COOH (17) by oxidation of PIB-CH,OH.
In a 100 mL flask equipped with a stir bar, PIB-CH,OH
(0.5 g, 0.49 mmol) was dissolved in 15 mL of dichloro-
methane, and then 15 mL of 3% acetic acid aqueous
solution, KMnO, (0.3 g, 2 mmol) and PEG-5000 (0.05 g,
0.01 mmol) were added to the flask. The resulting two-phase
reaction mixture was vigorously stirred for 24 h at room
temperature. The byproduct MnO, was removed by
filtration, and the organic phase was separated from aqueous
phase. After evaporation of dichloromethane, the residue
was dissolved in 30 mL of hexanes and washed with 3 M
HCI (2X 10 mL), with 90% EtOH (5X 10 mL), and finally
with water (2X 10 mL). The hexane phase was then dried
over sodium sulfate and the solvent was removed under
reduced pressure to yield 0.5 g of PIB oligomer, which was
a mixture of starting material and oxidized product (68.7%
conversion) based on 'H NMR spectroscopy.

4.2.10. PIB-CH,-maleimide (14). PIB-CH,NH, (4.60 g,
4.25 mmol) was dissolved in 60 mL of dry toluene and maleic
anhydride (0.60 g, 6.16 mmol) was added to the solution. The
suspension was allowed to stir at room temperature for 12 h
under nitrogen. Dry ZnBr, (1.63 g, 7.22 mmol) was added to
the solution and the reaction heated to 80 °C for 30 min.
HMDS (1.6 mL, 7.7 mmol) was added to the mixture by
syringe and the reaction heated for an additional 4 h. The
reaction was cooled to room temperature and poured into
50 mL 1.0 M HCI. The aqueous layer was extracted with ethyl
acetate (3 X 50 mL) and the combined organic extracts washed
with saturated NaHCO; solution (2X50 mL) and saturated
NH,4Cl solution (50 mL). The product was dried over MgSQOy,,
filtered, centrifuged, then concentrated under reduced pressure
to give 4.6 g (93%) of the product 14: '"H NMR 0.88-1.41 (m,
228H), 3.26 (dd, J=38.3, 13.43 Hz, 1H), 3.38 (dd, /=6.84,
13.43 Hz, 1H), 6.68 (s, 2H); IR (neat, cmfl) 1711.

4.2.11. Diels—Alder reactions of PIB-CH,-maleimide.
PIB—CH,-maleimide (0.40 g, 0.34 mmol) was dissolved in
toluene (24 mL) and the solution placed in a pressure tube.
Distilled furan (1 mL) was added and the reaction was heated
to 110 °C for 24 h. The reaction was allowed to cool and the
solvent and excess furan were removed under reduced
pressure. The crude product was passed through a silica gel
plug with ether and the ether removed under reduced pressure
to give 0.31 g (73%) of the Diels—Alder adduct: 'H NMR
0.86-1.44 (m, 180H), 2.83 (dd, /=6.6,8.30 Hz, 2H), 3.24 (dd,
J=9.03, 12.94 Hz, 1H), 3.34 (dd, /J=6.35, 13.18 Hz, 1H),
5.28 (d, J=17.57 Hz, 2H), 6.51 (s, 2H).

A similar procedure was used when hydroxymethylanthra-
cene was used as the diene. PIB-CH,—maleimide (0.24 g,
0.21 mmol) was dissolved in toluene (12 mL). Anthracene
methanol (0.07 g, 0.22 mmol) was added to this maleimide
solution and the reaction heated to reflux for 24 h. Maleic
acid (0.01 g, 0.10 mmol) was added to the solution and the
reaction heated to reflux for an additional 12 h. The crude
product was passed through a basic alumina plug and
flushed with ether to insure complete recovery of
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the product. The solvent was removed under reduced
Pressure to yield 0.25 g (80%) of the Diels—Alder adduct:
H NMR 0.86-1.46 (m, 180H), 2.86-3.05 (m, 3H),
3.242.37 (m, 2H), 4.76 (t, J=3.18 Hz, 1H), 4.93-5.02
(m, 1H), 5.14 (dd, J=6.84, 11.71 Hz, 1H), 7.10-7.58
(m, 8H).

4.2.12. ‘Click’ chemistry with PIB-CH,N; to form
triazoles 34 and 35. Propargyl alcohol (155 mg,
2.8 mmol) and diisopropyl ethyl amine (119 mg,
0.9 mmol) were added to a solution of the azide (2.7 g,
2.5 mmol) in 12.5 mL of THF. The solution was separated
into three equal portions and tris(triphenylphoshine)copper
bromide (92 mg, 0.1 mmol) was added to each portion. The
three portions were each heated in a microwave reactor for
5 min at 140 °C. The three fractions were combined, and the
solvent removed under reduced pressure. The product was
taken up in 30 mL of hexanes and washed with three 5-mL
portions of DMF, three 5-mL portions of brine, dried over
Na,SO,4, and concentrated under reduced pressure. The
residue was purified by column chromatography (ether) to
give 1.0 g (37%) of the triazole: '"H NMR 0.9-1.57 (m,
240H), 198 (t, J=6.11 Hz, 1H), 4.06 (dd, J=28.43,
13.43 Hz, 1H), 4.24 (dd, J=6.1, 13.43 Hz, 1H), 4.81 (d,
J=6.11 Hz, 2H), 7.50 (s, 1H).

A similar reaction was also carried out with 5-hexyn-1-ol as
the partner in the triazole synthesis. In this second example,
5-hexyn-1-ol (0.28 g, 2.8 mmol) and diisopropyl ethyl
amine (0.12 g, 1.85 mmol) were added to a solution of the
azide (2.66 g, 2.5 mmol) in 12.5 mL of THF. The solution
was separated into three equal portions and tris(triphenyl-
phosphine)copper bromide (92 mg, 0.1 mmol) was added to
each portion. The three portions were each heated in a
microwave reactor for 5 min at 140 °C. The three fractions
were combined, and the solvent removed by reduced
pressure. The product was taken up in 30 mL of hexanes
and washed with three 5-mL portions of DMF, three 5-mL
portions of brine, dried of Na,SO,, and concentrated under
reduced pressure. The residue was purified by column
chromatography (ether) to give 2.9 g (92%): "H NMR 0.86—
1.91 (m, 250H), 2.05-2.17 (m, 1H), 2.76 (t, J=7.08 Hz,
2H), 3.68 (t, J=6.35 Hz, 2H), 4.02 (dd, J=6.59, 13.43 Hz,
1H), 4.29 (dd, J=8.3, 13.43 Hz, 1H), 7.25 (s, 1H); °C
NMR (CDCl3, 6): 62.71, 121.14, 147.92.

Further reaction of the hydroxyl groups of 34 to form —CH,Br
groups used standard PBr; chemistry. For example, 34
(0.82 mmol) was dissolved in 10 mL of dry toluene and the
resulting solution cooled to 0 °C. Phosphorus tribromide
(0.26 g, 0.95 mmol) was injected into the solution of polymer
and stirred for 1 h at this temperature. The reaction was
allowed to warm to room temperature and stirred for an
additional 1.5h. The solvent and unreacted phosphorus
tribromide were then removed under reduced pressure and
the resulting polymer taken up in 60 mL of hexanes. The
hexane solution was washed with three 10-mL portions of
Na,CO; saturated methanol and three 10-mL portions of
brine, dried over MgSQ,, filtered and the solvent removed

under reduced pressure to give 1.0 g (95%) of the bromide: 'H
NMR 0.86-1.46 (m, 180H), 2.08-2.20 (br, 1H), 4.06 (dd, J=
8.3,13.43 Hz, 1H), 4.22 (dd, /=6.59, 13.43 Hz, 1H), 4.59 (s,
2H), 7.55, (s, 1H).
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Abstract—The development of a high-load, soluble oligomeric sulfonyl azide using ROM polymerization is reported. The utility in diazo
transfer reactions with active methylene compounds is demonstrated using an efficient protocol, with most reactions showing completion in
30 min. The sulfonamide byproduct, being insoluble in the reaction solvent, can be completely removed by simple filtration through a silica

gel SPE cartridge.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The growing demand for facilitated synthesis protocols to
aid in drug discovery has directed efforts aimed at
integrating the sciences of organic synthesis and purifi-
cation. Towards this goal, the production of designer
polymers with tunable properties has become a powerful
technological advancement in the arena of facilitated
synthesis. In this context, an array of polymer-bound
reagents and scavengers' has appeared, effectively stream-
lining synthetic methods to simple mix, filter and evaporate
protocols. The hallmark of these methods is that they avoid
the use of insoluble polymers during the actual synthesis,
yet retain the virtues of both solution-phase and solid-phase
approaches. Despite advances in this area, limitations in
reaction homogeneity (nonlinear reaction kinetics), low
resin-load capacities, and means of distributing reagents,
continue to warrant the development 