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Over the past two decades,
the exceptional power of chiral
dirhodium(II) carboxylate and
carboxamidate catalysts has
been demonstrated in a diverse
array of enantioselective metal
carbene transformations of di-
azocarbonyl compounds, in-
cluding cyclopropanation, C—H
insertion, and rearrangement
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or cycloaddition via ylide gen- H,Olchlorobenzene
eration.' Although such reac- acacia gum, NaCl
tions frequently proceed in 75°C, 24 h

high yield and with high levels 80%

of asymmetric induction, their

practical applications in phar-

maceutical production were 0
often hindered due to high
costs of both rhodium™ and
chiral ligands as well as the dif-
ficulty in catalyst recovery and
recycling. To address this issue,
several approaches toward im-
mobilization® of chiral dirhodium(IT) complexes have been
explored, including covalent attachment to soluble™ and in-
soluble supports,*®! use of biphasic systems,”! and novel
noncovalent immobilization using the combination of ligand
coordination and encapsulation."”! However, further im-
provements in catalyst activity, selectivity, recyclability, and
rhodium leaching are still needed.!"!

Continuous flow reactors have found use as powerful syn-
thetic tools enabling operational flexibility, reduced reaction
times and system automation, resulting in a technique that
is suitable for a high-throughput synthesis."? The applica-
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polymer-supported chiral dirhodium(ll) complex 6

Scheme 1. Immobilization of chiral dirhodium(II) complex.

tion of heterogeneous catalysts in continuous flow mode
offers advantages of suppressing the mechanical degradation
of catalyst supports as well as easy catalyst separation and
large-scale production.'” Despite these potential benefits,'!
to the best of our knowledge, there is no immobilized dirho-
dium(II) catalyst available for a continuous flow process.'!

Recently, we reported an effective immobilization of
[Rhy(S-PTTL),] (1a)!'*'7 (Figure 1) composed of four inde-
pendent chiral ligands,['*!*! which relied on preparation of a
dirhodium(II)-complex-containing monomer 2a followed by
copolymerization with styrene (4a) and 1,6-bis(4-vinylben-
zyloxy)hexane 5 as a  flexible  cross-linker
(Scheme 1).[%*?2 The polymer-supported complex 6 with no
unreacted linkers or free ligands'®! catalyzed asymmetric C—
H insertions even at —78°C with high enantioselectivities
similar to those found with homogeneous 1a and could be
used for up to 100 sequential applications with a low leach-
ing level (0.28 ppm),®™ a feature that results from the combi-
nation of good swelling properties and uniform dispersion of
catalytic sites in the polymer matrix.?!! Given that the com-
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plex 6 was a remarkably effective catalyst for intramolecular
C—H insertion reactions, we were intrigued by the applica-
bility of a polymer-supported dirhodium(II) complex to in-
termolecular metal-carbene transformations. We previously
reported that [Rhy(S-TCPTTL),] (1b),%>?" the chlorinated
analogue of 1a, is an exceptionally effective catalyst for
enantioselective tandem carbonyl ylide formation-1,3-dipo-
lar cycloaddition reactions of 2-diazo-3,6-diketoesters with
arylacetylene, alkoxyacetylene, and styrene dipolarophiles,
in which high levels of asymmetric induction (up to 99 % ee)
as well as perfect exo diastereoselectivity for styrenes were
achieved.”**?! Herein, we report the immobilization of a
chiral chlorinated dirhodium(II) complex and its use for
enantioselective carbonyl ylide cycloaddition reactions
under continuous flow conditions.

On the basis of our previous work, we considered that
[Rhy(S-TCPTTL),] (1b) could be immobilized by copoly-
merization of dirhodium(II)-complex-containing monomer
2b, the chlorinated analogue of 2a. However, all attempts
to synthesize monomer 2b were unsuccessful. At this point,
we turned our attention to the catalytic performance of a
mixed dirhodium(IT) tetracarboxylate,®” [Rh,(S-PTTL)(S-
TCPTTL);] (3), as a surrogate for 2b. As a model reaction,
intermolecular cycloaddition of carbonyl ylide derived from
2-diazo-3,6-diketoester 7 with styrene (4a) in a,o,0-trifluor-
otoluene (CF;C4H;) was examined (Table 1).?*) The reac-
tion using 1 mol% of catalyst 3 afforded cycloadduct 8¢ in
high yield and asymmetric induction (99 % ee) with perfect
exo diastereoselectivity as found with [Rh,(S-TCPTTL),]
(1b) (entries 1 and 2). Examination of the temperature pro-
file demonstrated that catalysis with 1b or 3 performed well
even at 60°C (entries 4 and 5), in stark contrast to that with
[Rh,(S-PTTL),] (1a) (entries 3 and 6). Recently, Fox*?! and
Charette™ independently determined the X-ray crystal
structure of [Rh,(S-PTTL),] (1a) and other phthalimido-de-
rived catalysts and showed that the four phthalimido groups
are projected on the same face of the catalyst, thus provid-
ing a chiral crown conformation.® Charette and co-workers

COMMUNICATION

Table 1. Enantioselective intermolecular cycloaddition of 2-diazo-3,6-di-
ketoester 7 with styrene (4a) catalyzed by dirhodium(II) complexes.*!

N, Rh'" catalyst ph P
0,
Ph. O [CCOxBu  pn (1mol%) o, COLBU , Ph CO,tBu
o CF3CeHs, 1h
4a 0 8]
7 (3 equiv) 8 9
Entry Catalyst T Yield 7 ee of 8
°Cl [%]" [%]9
1t [Rhy(S-TCPTTL),] (1b) 23 85 >99:1 99
2 [Rhy(S-PTTL)(S-TCPTTL);] (3) 23 80 >99:1 99
3 [Rhy(S-PTTL),] (1a) 23 50 95:5 90
4 [Rhy(S-TCPTTL),] (1b) 60 88 >99:1 95
5 [Rhy(S-PTTL)(S-TCPTTL);] (3) 60 86 >99:1 93
6 [Rh,(S-PTTL),] (1a) 60 36 73227 52

[a] All reactions were carried out as follows: a solution of 7 (61 mg,
0.2 mmol) and 4a (3 equiv) in CF;C¢H; (1 mL) was added over 1 h to a
solution of Rh" catalyst (1 mol%) in CF;C¢Hs (1 mL). [b] Combined
yield of 8 and 9. [c] Determined by '"H NMR analysis of the crude prod-
uct. [d] Determined by HPLC. [e] See ref. [26a].

also proposed that [Rh,(S-TCPTTL),] (1b), which could
benefit from halogen-bonding interactions,* might be even
more rigid in solution than [Rh,(S-PTTL),] (1a).**! Al-
though one of the four ligands in [Rhy(S-PTTL)(S-
TCPTTL);] (3) is not chlorinated, variable temperature
BCNMR experiments in C¢Dg carried out on 3 indicated
the rigid nature of such a chlorinated complex in solution as
demonstrated by Charette® (see the Supporting Informa-
tion for details). This observation, together with the great
catalytic performance of 3, had important implications for
the design of a polymer-supported catalyst based on copoly-
merization of monomer 2c.
Dirhodium(IT)-complex-containing monomer 2¢ was pre-
pared according to the procedure developed for 2a
(Scheme 2).¥ Treatment of [Rh,(S-TCPTTL),] (1b) with N-
4-hydroxyphthaloyl-(S)-tert-leucine (10) in refluxing chloro-
benzene gave an equilibrium mixture of dirhodium(II) com-
plex 11 and 1b, which were readily separable by column
chromatography on silica gel.
The desired complex 11 was

o X X2 . . o) 11,

ﬂ// 2 o isolated in 39% yield; 1b was
s wa recovered in 50% yield. A
oo © X X2 three-cycle sequence of ligand-
th/—th/ o X_é() R|h_c>’ NN exchange reaction of recovered
/| /| N O-{Rh—0 o 1b and 10 furnished complex

X = H: [Rhy(S-PTTL),] (1a) X! N 0 K@\/ 11 in 72 % overall yleld O-Al-
X = Cl: [Rhp(S-TCPTTL),] (1b) o ” — kylation of complex 11 with 6-
X1 (4-vinylbenzyloxy)iodohexane
3 .
o Rh—OO N dirhodium(Il)-complex-containing monomer 2 (12) af.forded monomer 2¢ in
o X—« ) o X'=H,X2=H: 2a 94% yield.
N OfTRh—O X'=Cl, X2= Cl: 2b At the outset, we performed

O N0 X'=Cl, X?=H: 2¢ AIBN-initiated and acacia

cl cl gum-stabilized suspension co-

cl 3 polymerization® of 2¢ with

[Rhy(S-PTTL)(S-TCPTTL)3] (3)

Figure 1. Chiral dirhodium(II) catalysts. PTTL = N-phthaloyl-tert-leucinate, TCPTTL = N-tetrachlorophthaloyl-

tert-leucinate.
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styrene (4a) and 5 as a cross-
linker to give a polymer-sup-
ported complex 13a in 80%
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yl moieties to polymer sup-
ports could be used as an alter-
native methodology. Thus, we

HO,C O +1 — » O + 1p conducted copolymerization
?': EH"” reflux N N OO h—0 (50%) with 4- or 2-trifluoromethyl-
' 50 N " substituted styrenes 4b and 4c¢
(1.0 equw) ° cl cl to provide resins 13b and 13¢
cl 8 in 88 and 83% yield, respec-
tively (entries2 and 3).”
/—@CHzoceHm' Qé_<o Rh—O Pleasingly, both resins 13b and
12 (1.2 equiv) SN E) R‘h_g 13¢ showed a significant in-
crease of swelling in CF;C¢H;

KoCO3 DMF oA ~0 o
257G, 10h K©v (13b, 107mLg '  13c,
cl cl 11.8mLg'). Toluene was a

94% Cl 3 2c

Scheme 2. Preparation of dirhodium(IT)-complex-containing monomer 2c.

yield (Table 2, entry 1). The swelling volumes of resin 13a
were 7.8 mLg ™! in CF,C¢H;s and 11.3 mLg ™" in toluene (vol-
umes were measured in syringes equipped with a filter; see
the Supporting Information for details). An important gen-
eral consideration for successful heterogeneous catalysis is
swelling of the resin in the reaction medium.”? In an at-
tempt to achieve good swelling of 13a in CF;C¢Hj, the opti-
mal solvent for enantioselective carbonyl ylide cycloaddition
reaction,® we considered that attachment of trifluorometh-

Table 2. Preparation of polymer-supported complexes 13.

X =
X
R! AIBN (1 mol %)
+ 2¢c +
H,O/chlorobenzene
R2 o o acacia gum, NaCl

75°C, 24 h
R'=H,R%?=H:4a

R'=H, R?=CF5: 4b
R'=CF3 R?=H: 4c

*f;
OOO

<[ﬁ

(0]

(4/2c/5 = 94:5:1)

x%o R0 *)g
o ( )

ISSE

N o
Cl X -0 R
polymer-supported chiral dirhodium(ll) catalyst
c c R'=H,R? = H: 13a
c 3 R1 H, R? = CFy: 13b
=CF3 R?=H: 13¢c
Entry Polymer Yield Loading Volume
[%]  [mmolg] [mLg]
Dry in CF;CHs in toluene
1 13a 80 0.24 1.7 7.8 113
2 13b 88 0.18 1.9 10.7 8.0
3 13¢ 83 0.18 1.9 11.8 14.7

AIBN =2,2"-azobisisobutyronitrile.

13994 ——

www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

better swelling solvent than

CF;C¢Hs for 13a, whereas

CF;C¢H; was a better solvating

medium for 13b, although both

were exceptionally effective swelling solvents for 13c¢. Ele-

mental analysis of 13a—c indicated that incorporation of dir-

hodium(IT) complex in resin was close to the theoretical

value in all cases, as also confirmed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis.

The polymer-supported complexes 13a—¢ were evaluated

for their catalytic performance in the reaction of diazodike-

toester 7 with styrene (4a) (Table 3). The reactions with

Table 3. Enantioselective intermolecular cycloaddition of 2-diazo-3,6-di-
ketoester 7 with styrene (4a) catalyzed by polymer-supported dirho-
dium(II) complexes 13a—c.

Entry Catalyst Yield [%]®! ee [%]
1 13a 56 99
2 13b 64 99
3 13¢ 69 99

[a] All reactions were carried out as follows: a solution of 7 (61 mg,
0.2 mmol) and 4a (3 equiv) in CF;C¢Hs (1 mL) was added over 3h to a
solution of Rh" catalyst (3 mol %) in CF;C¢Hs (1 mL). [b] Isolated yield.
[c] Determined by HPLC.

three types of complexes (3 mol %) resulted in high enantio-
selectivity (99 % ee) and perfect exo diastereoselectivity as
found with [Rhy(S-PTTL)(S-TCPTTL);] (3), though the
yields of cycloadduct 8 were diminished to 56, 64 and 69 %,
respectively (entries 1-3). These results indicate that the
present method of immobilization had very little effect on
the chiral environment around the immobilized catalyst.
This is the first example of carbonyl ylide cycloaddition with
heterogeneous dirhodium(IT) complexes. The reaction using
13a was less efficient as reflected by the lower yield; this
suggests that swelling of trifluoromethyl-substituted poly-
mers 13b and 13¢ in CF;C4H; is important for the catalytic
performance.

We next explored the possibility of performing the reac-
tion with catalysts 13b and 13¢ under continuous flow con-
ditions, with particular emphasis on improvement in product
yield and reduction in reaction times. The principal design
of our flow reactor featured the need to make optimum use

Chem. Eur. J. 2011, 17, 1399213998
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Continuous Flow System with a Polymer-Supported Dirhodium(IT) Catalyst

Il-m&}mﬂl =
syringe pump

COMMUNICATION

Another illustration of prac-
tical advantages of the flow re-
actor packed with 13¢ was pre-
sented in the reaction of diazo-

a solution of 2-diazo-3,6-diketoester (0.2 M)
and dipolarophile (3 equiv) in CF3CgHs diketoester 14 and phenylace-
13 mm tylene (15) in CF;C¢H;
g (Table 5), in which the use of 1
| — O mol% of [Rhy(S-TCPTTL),]
0 Sl (Ib) produced cycloadduct
' 11 mm 16 in 82% yield with 97%
reactor packed with polymer-supported ce (en try 1).[2631 When the

catalyst 13 and sea sand
(o) .
0, 0 :seasand (4 g)
O :13 (0.006 mmol of Rh' catalyst)

Figure 2. Schematic set up of the flow reactor.

of the cavity for operating without any pressurization.
Toward this goal, a reaction vessel (80 mm in length and
11 mm in diameter)™ equipped with a filter was packed by
injecting a slurry of catalyst (0.006 mmol of Rh™ catalyst)
and sea sand (4 g)* in CF,C4Hj (Figure 2). A solution of di-
azodiketoester 7 (0.2m) and styrene (4a) (3 equiv) in
CF,;C¢H; was passed through the flow reactor (0.34 mLh™',
3h, 3mol% of catalyst with respect to 7) using a syringe
pump (Table 4, entries 1 and 2). The continuous flow experi-
ments gave higher yields than the reaction under batch con-
ditions (cf. Table 3). A greatly improved yield of 80% was
obtained when the catalyst 13¢ was used. It seems likely
that the polymer matrix of 13¢ has a high affinity for reac-
tants as 13¢ exhibited superior swelling characteristics not
only in CF;C¢Hs but also in toluene (cf. Table?2).*! A
survey of flow rates revealed that full conversion with no
apparent loss of product yield could be achieved at flow
rates of up to 0.5mLh™!, whereby the reaction time was
substantially reduced (entry 3). This result can be attributed
to the close contact of the catalyst with the reactants and
the high local concentration of the catalyst.” The leaching
level of rhodium atom was examined by ICP-mass spectrom-
etry. The reaction mixture contained only 2.1 ppm rhodium,
which corresponds to 0.013% of the initial catalyst charge.
Indeed, the flow reactor could be operated under a steady
state for a period of 60 h (entry 4). It is noteworthy that the
extrusion of nitrogen gas from diazodiketoester had no dele-
terious effect on this continuous flow process.

Table 4. Enantioselective intermolecular cycloaddition of 2-diazo-3,6-di-
ketoester 7 with styrene (4a) under continuous flow conditions."”!

Entry Catalyst Flow rate t Yield ee
[mol %] [mLh™] [h] [%]™ [%]

1 13b: 3 0.34 3 71 99

2 13c: 3 0.34 3 80 99

3 13c: 3 0.5 2 80 99

4 13¢: 0.1 0.5 60 78 99

[a] All reactions were carried out as follows: a solution of 7 (0.2m) and
4a (3 equiv) in CF;C¢Hs was pumped through the flow reactor using a sy-
ringe pump at the indicated flow rate. [b] Isolated yield. [c] Determined
by HPLC.
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amount of 1b was reduced
from the standard 1 to
0.1 mol %, 27 and 6% drops in
yield and enantioselectivity, re-

filter

Table 5. Enantioselective intermolecular cycloaddition of 2-diazo-3,6-di-
ketoester 14 with phenylacetylene (15) under continuous flow conditions.

N Ph
2
| I
Me.__O CO,tBu — ph Rh" catalyst Me CO,tBu
CF3CgHs, 23 °C
[e]
15 (3 equiv) o
14 16

Entry Catalyst t Yield ee

[mol %] [h] [%]F (%]
1lel 1b: 1 1 82 97
2 1b: 0.1 1 55 91
30 13c: 1 0.1 75 98
4 13¢: 0.1 1 74 97
5t 13¢: 0.0067 15 78 97

[a] Isolated yield. [b] Determined by HPLC. [c] See ref. [26a]. [d] The re-
action was carried out as follows: a solution of 14 (0.2m) and 15 (3 equiv)
in CF;C¢Hs was pumped through the flow reactor at a flow rate of
30mLh™.

spectively, were observed (entry2). In stark contrast, the
flow reactor (0.1 mol% of catalyst with respect to 14) pro-
vided 16 with virtually no drop in product yield or enantio-
selectivity at a flow rate of 30 mLh™" (entries 3 and 4). To
demonstrate the preparative utility of this process, the reac-
tion was conducted on a 90 mmol scale (22 g of 14) with the
flow reactor (32 mg of 13¢) to afford 22 g (78 % yield) of 16
in 97% ee, in which turnover numbers as high as 11700
were achieved (entry 5). These results demonstrate that op-
timized reaction parameters developed on a small scale in
the flow reactor could be transferred directly to large-scale
production without the need for substantial further optimi-
zation.

In conclusion, we have accomplished the immobilization
of [Rhy(S-PTTL)(S-TCPTTL);] (3) by copolymerization of
dirhodium(IT)-complex-containing monomer 2¢ with styr-
enes 4 and the flexible cross-linker 5. The polymer-support-
ed dirhodium(II) complex 13¢ derived from 2-(trifluorome-
thyl)styrene (4¢) as a comonomer was successfully applied
in tandem carbonyl ylide formation-cycloaddition reactions
of 2-diazo-3,6-diketoesters with styrene (4a) and phenylace-
tylene (15) dipolarophiles in CF;C4sHs under continuous

— 13995
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flow conditions, where high yields and high levels of asym-
metric induction (up to 99% ee) similar to those found with
[Rh,(S-TCPTTL),] (1b) were achieved. The efficiency of
13c is considered to be due to the combination of excellent
swelling in CF;C4H; and good accessibility of the soluble re-
actants to the catalytic sites in the polymer matrix. The
robust nature of the flow reactor was demonstrated by the
retention of full activity and enantioselectivity for a number
of hours (up to 60 h) with a low leaching level (2.1 ppm).
Moreover, this flow system exhibited exceptionally high
turnover numbers (up to 11700) relative to the homogene-
ous catalyst system. To the best of our knowledge, this is the
first example of a continuous flow system with heterogene-
ous dirhodium(II) complexes. Further application of the
continuous flow method to other metal carbene transforma-
tions of diazocarbonyl compounds is currently in progress.

Experimental Section

Typical procedure for enantioselective carbonyl ylide cycloaddition under
continuous flow conditions (Table 5, entry 5): A solution of diazodike-
toester 14 (21.6 g, 90 mmol, 0.2m) and phenylacetylene (15) (27.6 g,
270 mmol, 3 equiv) in CF;C¢Hs was passed through the flow reactor
packed with polymer-supported dirhodium(II) complex 13¢ (32 mg,
0.006 mmol of Rh" catalyst) and sea sand (4 g) at 30 mLh' for 15h.
After complete addition, the flow reactor was washed with an additional
CF;C¢Hs (2 mL). After evaporation of the solvent in vacuo, the residue
was purified by column chromatography on silica gel (6:1 hexane/
EtOAc) to provide cycloadduct 16 (22.0 g, 78 %) as a white solid. The
enantiomeric excess of 16 was determined to be 97% by HPLC with a
Chiralpak OD column [9:1 hexane/iPrOH; flow: 1.0 mLmin"'; retention
time: 7.9 min (minor enantiomer), 9.8 min (major enantiomer)].

Acknowledgements

This research was supported by a Grant-in Aid for Scientific Research on
Innovative Areas “Organic Synthesis Based on Reaction Integration. De-
velopment of New Methods and Creation of New Substances” (No. 2105)
from the Ministry of Education, Culture, Sports, Science and Technology,
Japan. We thank S. Oka and M. Kiuchi from The Center For Instrumen-
tal Analysis at Hokkaido University for technical assistance with mass
spectrometry and elemental analysis.

Keywords: asymmetric catalysis - continuous flow system -
heterogeneous catalysis - immobilization - rhodium

[1] For books and reviews, see: a) M. P. Doyle, M. A. McKervey, T. Ye,
Modern Catalytic Methods for Organic Synthesis with Diazo Com-
pounds, Wiley-Interscience, New York, 1998; b) M. P. Doyle, D. C.
Forbes, Chem. Rev. 1998, 98, 911-935; c¢) K. M. Lydon, M. A.
McKervey in Comprehensive Asymmetric Catalysis, Vol. 2 (Eds.:
E.N. Jacobsen, A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999,
Chapter 16.2; d) M. P. Doyle in Catalytic Asymmetric Synthesis (Ed.:
I. Ojima), 2nd ed., Wiley, Weinheim, 2000, Chapter5; e) C. A.
Merlic, A.L. Zechman, Synthesis 2003, 1137-1156; f) H. M. L.
Davies, R.E.J. Beckwith, Chem. Rev. 2003, 103, 2861-2903;
g) P M. P. Gois, C. A. M. Afonso, Eur. J. Org. Chem. 2004, 3773—
3788; h) H. M. L. Davies, J. R. Manning, Nature 2008, 451, 417-424;
i) Z. Zhang, J. Wang, Tetrahedron 2008, 64, 6577-6605; j) H. M. L.

www.chemeurj.org

13996 ——

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Davies, J. R. Denton, Chem. Soc. Rev. 2009, 38, 3061-3071; k) M. P.

Doyle, R. Duffy, M. Ratnikov, L. Zhou, Chem. Rev. 2010, 110, 704 -

724; 1) H. M. L. Davies, D. Morton, Chem. Soc. Rev. 2011, 40, 1857—

1869.

M. P. Doyle, J. Org. Chem. 2006, 71, 9253-9260.

[3] For books and reviews, see: a) D. E. De Vos, L. E J. Vankelecom,
P. A. Jacobs, Chiral Catalysts Immobilization and Recycling, Wiley-
VCH, Weinheim, 2000; b) A. P. Kybett, D. C. Sherrington, Support-
ed Catalyst and Their Applications, Springer, New York, 2001; c) B.
Clapham, T.S. Reger, K.D. Janda, Tetrahedron 2001, 57, 4637-
4662; d) Q.-H. Fan, Y.-M. Li, A.S. C. Chan, Chem. Rev. 2002, 102,
3385-3466; ¢) D. Rechavi, M. Lemaire, Chem. Rev. 2002, 102,
3467-3494; f) B. M. L. Dioos, L. F. J. Vankelecom, P. A. Jacobs, Adv.
Synth. Catal. 2006, 348, 1413-1446; g) M. Heitbaum, F. Glorius, 1.
Escher, Angew. Chem. 2006, 118, 4850-4881; Angew. Chem. Int. Ed.
2006, 45, 4732-4762; h) K. Ding, Y. Uozumi, Handbook of Asym-
metric Heterogeneous Catalysis, Wiley-VCH, Weinheim, 2008;
i) A. F. Trindade, P. M. P. Gois, C. A. M. Afonso, Chem. Rev. 2009,
109, 418-514;j) J. Lu, P. H. Toy, Chem. Rev. 2009, 109, 815-838.

[4] M. P. Doyle, M. Y. Eismont, D. E. Bergbreiter, H. N. Gray, J. Org.
Chem. 1992, 57, 6103-6105.

[5] a) M. P. Doyle, D. J. Timmons, J. S. Tumonis, H.-M. Gau, E. C. Blos-
sey, Organometallics 2002, 21, 1747-1749; b) M. P. Doyle, M. Yan,
Org. Lett. 2003, 5, 561-563.

[6] a) H. M. Hultman, M. de Lang, M. Nowotny, I. W. C. E. Arends, U.
Hanefeld, R. A. Sheldon, T. Maschmeyer, J. Catal. 2003, 217, 264—
274; b) H. M. Hultman, M. de Lang, I. W. C. E. Arends, U. Hane-
feld, R. A. Sheldon, T. Maschmeyer, J. Catal. 2003, 217, 275-283.

[7] a) J. Lloret, F. Estevan, K. Bieger, C. Villanueva, M. A. Ubeda, Or-
ganometallics 2007, 26, 4145-4151; b) J. Lloret, M. Stern, F. Estevan,
M. Sanat, M. A. Ubeda, Organometallics 2008, 27, 850—856.

[8] K. Takeda, T. Oohara, M. Anada, H. Nambu, S. Hashimoto, Angew.
Chem. 2010, 122, 7133-7137; Angew. Chem. Int. Ed. 2010, 49, 6979 —
6983.

[9] A. Biffis, M. Braga, S. Cadamuro, C. Tubaro, M. Basato, Org. Lett.
2005, 7, 1841-1844.

[10] a) T. Nagashima, H. M. L. Davies, Org. Lett. 2002, 4, 1989-1992;
b) H.M. L. Davies, A.M. Walji, Org. Lett. 2003, 5, 479-482;
c) H. M. L. Davies, A. M. Walji, T. Nagashima, J. Am. Chem. Soc.
2004, 126, 4271-4280; d) H. M. L. Davies, A. M. Walji, Org. Lett.
2005, 7, 2941-2944.

[11] For selected examples of immobilization of achiral dirhodium(II)
catalysts, see: a) D. E. Bergbreiter, M. Morvant, B. Chen, Tetrahe-
dron Lett. 1991, 32, 2731-2734; b) P. M. P. Gois, C. A. M. Afonso,
Tetrahedron Lett. 2003, 44, 6571-6573; ¢) J. S. Yadav, B. V. S. Reddy,
P.N. Reddy, Adv. Synth. Catal. 2004, 346, 53-56; d) A. Biffis, M.
Braga, M. Basato, Adv. Synth. Catal. 2004, 346, 451-458; ¢) N. R.
Candeias, P. M. P. Gois, C. A. M. Afonso, Chem. Commun. 2005,
391-393; f) S. Muthusamy, B. Gnanaprakasam, Tetrahedron 2005,
61, 1309-1315; g) D. C. Forbes, S. A. Patrawala, K. L. T. Tran, Orga-
nometallics 2006, 25, 2693 -2695.

[12] a) G. N. Doku, W. Verboom, D. N. Reinhoudt, A. van den Berg, Tet-
rahedron 2005, 61, 2733-2742; b) 1. R. Baxendale, S. V. Ley in New
Avenues to Efficient Chemical Synthesis: Emerging Technologies
(Eds.: P. H. Seeberger, T. Blume), Springer, Berlin, 2007, pp. 151 -
185; ¢) T. Fukuyama, M. T. Rahman, M. Sato, 1. Ryu, Synlett 2008,
151-163; d) S.-Y. Teh, R. Lin, L.-H. Hung, A. P. Lee, Lab-on-a-Chip
2008, 8, 198-220; e) I. R. Baxendale, J. J. Hayward, S. Lanners, S. V.
Ley, C. D. Smith in Microreactors in Organic Synthesis and Catalysis
(Ed.: T. Wirth), Wiley-VCH, Weinheim, 2008, Chapter 4.2, pp. 84—
122; f) J. Yoshida, Flash Chemistry: Fast Organic Synthesis in Micro-
systems, Wiley, Chichester, 2008; g)J. Yoshida, A. Nagaki, T.
Yamada, Chem. Eur. J. 2008, 14, 7450—7459; h) S. Suga, D. Yamada,
J. Yoshida, Chem. Lett. 2010, 39, 404-406.

[13] a) N. G. Anderson, Org. Process Res. Dev. 2001, 5, 613-621;
b) A. M. Hafez, A. E. Taggi, T. Lectka, Chem. Eur. J. 2002, 8, 4114—
4119; ¢) G. Jas, A. Kirschning, Chem. Eur. J. 2003, 9, 5708-5723;
d)P. Hodge, Ind. Eng. Chem. Res. 2005, 44, 8542-8553; e) A.
Kirschning, W. Solodenko, K. Mennecke, Chem. Eur. J. 2006, 12,

—_
[N}
—

Chem. Eur. J. 2011, 17, 1399213998


http://dx.doi.org/10.1021/cr940066a
http://dx.doi.org/10.1021/cr940066a
http://dx.doi.org/10.1021/cr940066a
http://dx.doi.org/10.1055/s-2003-39389
http://dx.doi.org/10.1055/s-2003-39389
http://dx.doi.org/10.1055/s-2003-39389
http://dx.doi.org/10.1021/cr0200217
http://dx.doi.org/10.1021/cr0200217
http://dx.doi.org/10.1021/cr0200217
http://dx.doi.org/10.1002/ejoc.200400237
http://dx.doi.org/10.1002/ejoc.200400237
http://dx.doi.org/10.1002/ejoc.200400237
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1016/j.tet.2008.04.074
http://dx.doi.org/10.1016/j.tet.2008.04.074
http://dx.doi.org/10.1016/j.tet.2008.04.074
http://dx.doi.org/10.1039/b901170f
http://dx.doi.org/10.1039/b901170f
http://dx.doi.org/10.1039/b901170f
http://dx.doi.org/10.1021/cr900239n
http://dx.doi.org/10.1021/cr900239n
http://dx.doi.org/10.1021/cr900239n
http://dx.doi.org/10.1039/c0cs00217h
http://dx.doi.org/10.1039/c0cs00217h
http://dx.doi.org/10.1039/c0cs00217h
http://dx.doi.org/10.1021/jo061411m
http://dx.doi.org/10.1021/jo061411m
http://dx.doi.org/10.1021/jo061411m
http://dx.doi.org/10.1016/S0040-4020(01)00298-8
http://dx.doi.org/10.1016/S0040-4020(01)00298-8
http://dx.doi.org/10.1016/S0040-4020(01)00298-8
http://dx.doi.org/10.1021/cr010341a
http://dx.doi.org/10.1021/cr010341a
http://dx.doi.org/10.1021/cr010341a
http://dx.doi.org/10.1021/cr010341a
http://dx.doi.org/10.1021/cr020008m
http://dx.doi.org/10.1021/cr020008m
http://dx.doi.org/10.1021/cr020008m
http://dx.doi.org/10.1021/cr020008m
http://dx.doi.org/10.1002/adsc.200606202
http://dx.doi.org/10.1002/adsc.200606202
http://dx.doi.org/10.1002/adsc.200606202
http://dx.doi.org/10.1002/adsc.200606202
http://dx.doi.org/10.1002/ange.200504212
http://dx.doi.org/10.1002/ange.200504212
http://dx.doi.org/10.1002/ange.200504212
http://dx.doi.org/10.1002/anie.200504212
http://dx.doi.org/10.1002/anie.200504212
http://dx.doi.org/10.1002/anie.200504212
http://dx.doi.org/10.1002/anie.200504212
http://dx.doi.org/10.1021/cr800200t
http://dx.doi.org/10.1021/cr800200t
http://dx.doi.org/10.1021/cr800200t
http://dx.doi.org/10.1021/cr800200t
http://dx.doi.org/10.1021/cr8004444
http://dx.doi.org/10.1021/cr8004444
http://dx.doi.org/10.1021/cr8004444
http://dx.doi.org/10.1021/jo00049a010
http://dx.doi.org/10.1021/jo00049a010
http://dx.doi.org/10.1021/jo00049a010
http://dx.doi.org/10.1021/jo00049a010
http://dx.doi.org/10.1021/om011082i
http://dx.doi.org/10.1021/om011082i
http://dx.doi.org/10.1021/om011082i
http://dx.doi.org/10.1021/ol027475a
http://dx.doi.org/10.1021/ol027475a
http://dx.doi.org/10.1021/ol027475a
http://dx.doi.org/10.1021/om061086t
http://dx.doi.org/10.1021/om061086t
http://dx.doi.org/10.1021/om061086t
http://dx.doi.org/10.1021/om061086t
http://dx.doi.org/10.1021/om700612m
http://dx.doi.org/10.1021/om700612m
http://dx.doi.org/10.1021/om700612m
http://dx.doi.org/10.1002/ange.201003730
http://dx.doi.org/10.1002/ange.201003730
http://dx.doi.org/10.1002/ange.201003730
http://dx.doi.org/10.1002/ange.201003730
http://dx.doi.org/10.1002/anie.201003730
http://dx.doi.org/10.1002/anie.201003730
http://dx.doi.org/10.1002/anie.201003730
http://dx.doi.org/10.1021/ol050486u
http://dx.doi.org/10.1021/ol050486u
http://dx.doi.org/10.1021/ol050486u
http://dx.doi.org/10.1021/ol050486u
http://dx.doi.org/10.1021/ol025758x
http://dx.doi.org/10.1021/ol025758x
http://dx.doi.org/10.1021/ol025758x
http://dx.doi.org/10.1021/ol0273506
http://dx.doi.org/10.1021/ol0273506
http://dx.doi.org/10.1021/ol0273506
http://dx.doi.org/10.1021/ja0393067
http://dx.doi.org/10.1021/ja0393067
http://dx.doi.org/10.1021/ja0393067
http://dx.doi.org/10.1021/ja0393067
http://dx.doi.org/10.1021/ol0508835
http://dx.doi.org/10.1021/ol0508835
http://dx.doi.org/10.1021/ol0508835
http://dx.doi.org/10.1021/ol0508835
http://dx.doi.org/10.1016/0040-4039(91)85070-L
http://dx.doi.org/10.1016/0040-4039(91)85070-L
http://dx.doi.org/10.1016/0040-4039(91)85070-L
http://dx.doi.org/10.1016/0040-4039(91)85070-L
http://dx.doi.org/10.1016/S0040-4039(03)01700-3
http://dx.doi.org/10.1016/S0040-4039(03)01700-3
http://dx.doi.org/10.1016/S0040-4039(03)01700-3
http://dx.doi.org/10.1002/adsc.200303136
http://dx.doi.org/10.1002/adsc.200303136
http://dx.doi.org/10.1002/adsc.200303136
http://dx.doi.org/10.1002/adsc.200303247
http://dx.doi.org/10.1002/adsc.200303247
http://dx.doi.org/10.1002/adsc.200303247
http://dx.doi.org/10.1039/b414233k
http://dx.doi.org/10.1039/b414233k
http://dx.doi.org/10.1039/b414233k
http://dx.doi.org/10.1039/b414233k
http://dx.doi.org/10.1016/j.tet.2004.11.008
http://dx.doi.org/10.1016/j.tet.2004.11.008
http://dx.doi.org/10.1016/j.tet.2004.11.008
http://dx.doi.org/10.1016/j.tet.2004.11.008
http://dx.doi.org/10.1021/om051020i
http://dx.doi.org/10.1021/om051020i
http://dx.doi.org/10.1021/om051020i
http://dx.doi.org/10.1021/om051020i
http://dx.doi.org/10.1016/j.tet.2005.01.028
http://dx.doi.org/10.1016/j.tet.2005.01.028
http://dx.doi.org/10.1016/j.tet.2005.01.028
http://dx.doi.org/10.1016/j.tet.2005.01.028
http://dx.doi.org/10.1039/b715524g
http://dx.doi.org/10.1039/b715524g
http://dx.doi.org/10.1039/b715524g
http://dx.doi.org/10.1039/b715524g
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1002/chem.200800582
http://dx.doi.org/10.1246/cl.2010.404
http://dx.doi.org/10.1246/cl.2010.404
http://dx.doi.org/10.1246/cl.2010.404
http://dx.doi.org/10.1021/op0100605
http://dx.doi.org/10.1021/op0100605
http://dx.doi.org/10.1021/op0100605
http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4114::AID-CHEM4114%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4114::AID-CHEM4114%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3765(20020916)8:18%3C4114::AID-CHEM4114%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/chem.200305212
http://dx.doi.org/10.1002/chem.200305212
http://dx.doi.org/10.1002/chem.200305212
http://dx.doi.org/10.1021/ie040285e
http://dx.doi.org/10.1021/ie040285e
http://dx.doi.org/10.1021/ie040285e
http://dx.doi.org/10.1002/chem.200600236
www.chemeurj.org

Continuous Flow System with a Polymer-Supported Dirhodium(IT) Catalyst

(14]

(15]

[16]

(17]

(18]

(19]
[20]

(21]

(22]

(23]

[24]

[25]

Chem. Eur. J. 2011, 17, 13992 -13998

5972-5990; f) F. Cozzi, Adv. Synth. Catal. 2006, 348, 1367-1390;
g) B.P. Mason, K. E. Price, J. L. Steinbacher, A. R. Bogdan, D.T.
McQuade, Chem. Rev. 2007, 107, 2300-2318; h) C. Wiles, P. Watts,
Eur. J. Org. Chem. 2008, 1655-1671; i) B. K. Singh, N. Kaval, S.
Tomar, E. Van der Eycken, V.S. Parmar, Org. Process Res. Dev.
2008, 12, 468-474; j) X. Y. Mak, P. Laurino, P. H. Seeberger, Beil-
stein J. Org. Chem. 2009, 5, 19; k) D. Webb, T. F. Jamison, Chem.
Sci. 2010, 1, 675-680; 1) J. Wegner, S. Ceylan, A. Kirschning, Chem.
Commun. 2011, 47, 4583 -4592.

For a continuous flow reactor using a homogeneous dirhodium(II)
complex, see: T.J. Blacklock, J. W. Butcher, P. Sohar, T. R. Lama-
nec, E. J. J. Grabowski, J. Org. Chem. 1989, 54, 3907-3913.

For enantioselective cyclopropanation with heterogeneous copper-
based catalysts under continuous flow conditions, see: a) M. I. Bur-
guete, A. Cornejo, E. Garcia-Verdugo, J. Garcia, M.J. Gil, S. V.
Luis, V. Martinez-Merino, J. A. Mayoral, M. Sokolova, Green Chem.
2007, 9, 1091-1096; b) C. Aranda, A. Cornejo, J. M. Fraile, E.
Garcia-Verdugo, M. J. Gil, S. V. Luis, J. A. Mayoral, V. Martinez-
Merino, Z. Ochoa, Green Chem. 2011, 13, 983-990.

For a practical synthesis of [Rh,(S-PTTL),] (1a), see: H. Tsutsui, T.
Abe, S. Nakamura, M. Anada, S. Hashimoto, Chem. Pharm. Bull.
2005, 53, 1366-1368.

a) N. Watanabe, T. Ogawa, Y. Ohtake, S. Ikegami, S. Hashimoto,
Synlett 1996, 85-86; b) T. Takahashi, H. Tsutsui, M. Tamura, S. Ki-
tagaki, M. Nakajima, S. Hashimoto, Chem. Commun. 2001, 1604 —
1605; ¢) H. Saito, H. Oishi, S. Kitagaki, S. Nakamura, M. Anada, S.
Hashimoto, Org. Lett. 2002, 4, 3887-3890; d) K. Minami, H. Saito,
H. Tsutsui, H. Nambu, M. Anada, S. Hashimoto, Adv. Synth. Catal.
2005, 347, 1483 -1487.

A significant challenge in grafting metal complexes composed of
several independent chiral ligands to supports is maintaining the
chiral environment around the parent homogeneous catalysts: a) T.
Arai, T. Sekiguti, K. Otsuki, S. Takizawa, H. Sasai, Angew. Chem.
2003, /15, 2194-2197; Angew. Chem. Int. Ed. 2003, 42, 2144-2147,
b) T. Sekiguti, Y. lizuka, S. Takizawa, D. Jayaprakash, T. Arai, H.
Sasai, Org. Lett. 2003, 5, 2647-2650.

J. Hansen, H. M. L. Davies, Coord. Chem. Rev. 2008, 252, 545-555.
For copolymerization with a metal-containing monomer, see: a) K.
Nozaki, Y. Itoi, F. Shibahara, E. Shirakawa, T. Ohta, H. Takaya, T.
Hiyama, J. Am. Chem. Soc. 1998, 120, 4051-4052; b) P. Mastrorilli,
C. F. Nobile, Coord. Chem. Rev. 2004, 248, 377-395; ¢) S. Kinoshita,
F. Shibahara, K. Nozaki, Green Chem. 2005, 7, 256-258; d) A.-M.
Abu-Elfotoh, K. Phomkeona, K. Shibatomi, S. Iwasa, Angew. Chem.
2010, 7122, 8617-8621; Angew. Chem. Int. Ed. 2010, 49, 8439 —-8443.
For selected examples of copolymerization with a flexible cross-
linker, see: a) S. Itsuno, I. Moue, K. Ito, Polym. Bull. 1989, 21, 365—
370; b) S. Itsuno, Y. Sakurai, K. Ito, T. Maruyama, S. Nakahama,
J. M. J. Fréchet, J. Org. Chem. 1990, 55, 304-310; c) P. H. Toy, K. D.
Janda, Tetrahedron Lett. 1999, 40, 6329-6332; d) P. H. Toy, T.S.
Reger, K. D. Janda, Aldrichimica Acta 2000, 33, 87-93; e) S. Itsuno,
S. Arima, N. Haraguchi, Tetrahedron 2005, 61, 12074—12080.

For an alternative immobilization method for [Rh,(S-PTTL),] (1a),
see ref. [10d].

Doyle and co-workers reported that ligand loading on a polymer
support had a significant influence on catalyst selectivity, and this
may be due to carbene reactions on an unreacted linker, see
ref. [5a].

a) P. Hodge, Chem. Soc. Rev. 1997, 26, 417—-424; b) R. Santini, M. C.
Griffith, M. Qi, Tetrahedron Lett. 1998, 39, 8951-8954; c) J. Kress,
A. Rose, J. G. Frey, W. S. Brocklesby, M. Ladlow, G. M. Mellor, M.
Bradley, Chem. Eur. J. 2001, 7, 3880-3883; d) C. Gambs, T. J. Dick-
erson, S. Mahajan, L.B. Pasternack, K.D. Janda, J. Org. Chem.
2003, 68, 3673-3678.

For enantioselective C—H aminations, see: a) M. Yamawaki, H.
Tsutsui, S. Kitagaki, M. Anada, S. Hashimoto, Tetrahedron Lett.
2002, 43, 9561-9564; b) M. Tanaka, Y. Kurosaki, T. Washio, M.
Anada, S. Hashimoto, Tetrahedron Lett. 2007, 48, 8799-8802; c) M.
Anada, M. Tanaka, N. Shimada, H. Nambu, M. Yamawaki, S. Hashi-
moto, Tetrahedron 2009, 65, 3069-3077.

[20]

[27]

(28]

(29]

(30]

(31]
(32]

(33]

(34]

(36]
(37]
(38]

[39]

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATION

For enantioselective carbonyl ylide cycloaddition reactions, see:
a) N. Shimada, M. Anada, S. Nakamura, H. Nambu, H. Tsutsui, S.
Hashimoto, Org. Lett. 2008, 10, 3603-3606; b) H. Nambu, M.
Hikime, J. Krishnamurthi, M. Kamiya, N. Shimada, S. Hashimoto,
Tetrahedron Lett. 2009, 50, 3675-3678; c¢) N. Shimada, T. Hanari, Y.
Kurosaki, K. Takeda, M. Anada, H. Nambu, M. Shiro, S. Hashimoto,
J. Org. Chem. 2010, 75, 6039-6042; see also: d) N. Shimada, T.
Hanari, Y. Kurosaki, M. Anada, H. Nambu, S. Hashimoto, Tetrahe-
dron Lett. 2010, 51, 6572—-6575.

Reddy and Davies developed dirhodium(II) tetrakis[/N-tetrachlor-
ophthaloyl]-(S)-(1-adamantyl)glycinate], [Rh,(S-TCPTAD),], the ef-
fective use of which was demonstrated in enantioselective C—H ami-
nations (up to 94% ee). R.P. Reddy, H. M. L. Davies, Org. Lett.
2006, 8, 5013-5016.

For a book and reviews on 1,3-dipolar cycloaddition reactions of car-
bonyl ylides, see: a) A. Padwa, M. D. Weingarten, Chem. Rev. 1996,
96, 223-269; b) D. M. Hodgson, F. Y. T. M. Pierard, P. A. Stupple,
Chem. Soc. Rev. 2001, 30, 50-61; c) G. Mehta, S. Muthusamy, Tetra-
hedron 2002, 58, 9477-9504; d) R.M. Savizky, D.J. Austin, in
Modern Rhodium-Catalyzed Organic Reactions (Ed.: P. A. Evans),
Wiley-VCH, Weinheim, 2005, Chapter 19; ¢) A. Padwa, Helv. Chim.
Acta 2005, 88, 1357-1374; f) A. Padwa, Chem. Soc. Rev. 2009, 38,
3072-3081; g) A. Padwa, Tetrahedron 2011, 67, 8057—-8072.
Muthusamy and co-workers reported intermolecular cycloaddition
of a-diazo ketones using [Rh,(OAc),] as a recyclable catalyst in
ionic liquid, see ref. [11f].

Doyle and co-workers reported that immobilized dirhodium(II) car-
boxamidates having mixed chiral ligands enhance reactivity and in-
fluence stereoselectivity in cyclopropanation and C—H insertion re-
actions, see ref. [5b].

The preferred absolute stereochemistry of 8 was not determined.
Recently, Fox and co-workers reported highly enantioselective cy-
clopropanations (up to 99 % ee) of styrenes with a-alkyl-a-diazoest-
ers using [Rhy(S-PTTL),] (1a). In that work, they determined the
X-ray crystal structure of 1a and showed that the four phthalimido
groups projected on the same face of the catalyst, thus providing a
chiral crown conformation. They also demonstrated that the cyclo-
propanation reaction proceeds through the all-up conformation of
1a, being consistent with DFT calculations; a) A. DeAngelis, O.
Dmitrenko, G.P. A. Yap, J. M. Fox, J. Am. Chem. Soc. 2009, 131,
7230-7231; see also: b) A. DeAngelis, D. T. Boruta, J.-B. Lubin,
J.M. Plampin, G.P. A. Yap, J. M. Fox, Chem. Commun. 2010, 46,
4541-4543.

Charette and co-workers recently reported highly enantioselective
cyclopropanations (up to 98 % ee) of styrenes with a-nitro diazoace-
tophenones using [Rh,(S-TCPTTL),] (1b). Based on results of
single-crystal X-ray analysis and 'H,*C heteronuclear NOESY ex-
periments, they also suggested that the chiral crown conformation of
1b might be maintained in solution. V. N. G. Lindsay, W. Lin, A. B.
Charette, J. Am. Chem. Soc. 2009, 131, 16383 -16385.

a) A. Ghanem, M. G. Gardiner, R. M. Williamson, P. Miiller, Chem.
Eur. J. 2010, 16, 3291-3295; b) T. Goto, K. Takeda, N. Shimada, H.
Nambu, M. Anada, M. Shiro. K. Ando, S. Hashimoto, Angew.
Chem. 2011, 123, 6935-6940; Angew. Chem. Int. Ed. 2011, 50, 6803 —
6808.

a) T. Clark, M. Hennemann, J. S. Murray, P. Politzer, J. Mol. Model.
2007, 13, 291-296; b) T. Borowiak, I. Wolska, B. Brycki, A. Zielin-
ski, I. Kowalczyk, J. Mol. Struct. 2007, 833, 197-202; c) P. Metrango-
lo, F. Meyer, T. Pilati, G. Resnati, G. Terraneo, Angew. Chem. 2008,
120, 6206-6220; Angew. Chem. Int. Ed. 2008, 47, 6114—6127.
Charette and co-workers reported variable temperature “C NMR
experiments carried out on [Rh,(S-TCPTTL),] (1b), see ref. [33].

a) R. Arshady, A. Ledwith, React. Polym. 1983, 1, 159-174; b) D. C.
Sherrington, Chem. Commun. 1998, 2275-2286.

The reaction in toluene gave a 97:3 mixture of 8 and 9 in 73 % yield
with 98 % ee for 8, see also ref. [26a].

For copolymerization with styrenes, see: L.-J. Zhao, C.K.-W.
Kwong, M. Shi, P. H. Toy, Tetrahedron 2005, 61, 12026-12032.

www.chemeurj.org

— 13997


http://dx.doi.org/10.1002/chem.200600236
http://dx.doi.org/10.1002/chem.200600236
http://dx.doi.org/10.1002/chem.200600236
http://dx.doi.org/10.1002/adsc.200606096
http://dx.doi.org/10.1002/adsc.200606096
http://dx.doi.org/10.1002/adsc.200606096
http://dx.doi.org/10.1021/cr050944c
http://dx.doi.org/10.1021/cr050944c
http://dx.doi.org/10.1021/cr050944c
http://dx.doi.org/10.1002/ejoc.200701041
http://dx.doi.org/10.1002/ejoc.200701041
http://dx.doi.org/10.1002/ejoc.200701041
http://dx.doi.org/10.1021/op800047f
http://dx.doi.org/10.1021/op800047f
http://dx.doi.org/10.1021/op800047f
http://dx.doi.org/10.1021/op800047f
http://dx.doi.org/10.1039/c0sc00381f
http://dx.doi.org/10.1039/c0sc00381f
http://dx.doi.org/10.1039/c0sc00381f
http://dx.doi.org/10.1039/c0sc00381f
http://dx.doi.org/10.1039/c0cc05060a
http://dx.doi.org/10.1039/c0cc05060a
http://dx.doi.org/10.1039/c0cc05060a
http://dx.doi.org/10.1039/c0cc05060a
http://dx.doi.org/10.1021/jo00277a030
http://dx.doi.org/10.1021/jo00277a030
http://dx.doi.org/10.1021/jo00277a030
http://dx.doi.org/10.1039/b704465h
http://dx.doi.org/10.1039/b704465h
http://dx.doi.org/10.1039/b704465h
http://dx.doi.org/10.1039/b704465h
http://dx.doi.org/10.1039/c0gc00775g
http://dx.doi.org/10.1039/c0gc00775g
http://dx.doi.org/10.1039/c0gc00775g
http://dx.doi.org/10.1248/cpb.53.1366
http://dx.doi.org/10.1248/cpb.53.1366
http://dx.doi.org/10.1248/cpb.53.1366
http://dx.doi.org/10.1248/cpb.53.1366
http://dx.doi.org/10.1055/s-1996-5336
http://dx.doi.org/10.1055/s-1996-5336
http://dx.doi.org/10.1055/s-1996-5336
http://dx.doi.org/10.1039/b103747c
http://dx.doi.org/10.1039/b103747c
http://dx.doi.org/10.1039/b103747c
http://dx.doi.org/10.1021/ol0267127
http://dx.doi.org/10.1021/ol0267127
http://dx.doi.org/10.1021/ol0267127
http://dx.doi.org/10.1002/adsc.200505201
http://dx.doi.org/10.1002/adsc.200505201
http://dx.doi.org/10.1002/adsc.200505201
http://dx.doi.org/10.1002/adsc.200505201
http://dx.doi.org/10.1002/ange.200250536
http://dx.doi.org/10.1002/ange.200250536
http://dx.doi.org/10.1002/ange.200250536
http://dx.doi.org/10.1002/ange.200250536
http://dx.doi.org/10.1002/anie.200250536
http://dx.doi.org/10.1002/anie.200250536
http://dx.doi.org/10.1002/anie.200250536
http://dx.doi.org/10.1021/ol034797l
http://dx.doi.org/10.1021/ol034797l
http://dx.doi.org/10.1021/ol034797l
http://dx.doi.org/10.1016/j.ccr.2007.08.019
http://dx.doi.org/10.1016/j.ccr.2007.08.019
http://dx.doi.org/10.1016/j.ccr.2007.08.019
http://dx.doi.org/10.1021/ja973408d
http://dx.doi.org/10.1021/ja973408d
http://dx.doi.org/10.1021/ja973408d
http://dx.doi.org/10.1016/j.ccr.2004.02.003
http://dx.doi.org/10.1016/j.ccr.2004.02.003
http://dx.doi.org/10.1016/j.ccr.2004.02.003
http://dx.doi.org/10.1039/b418264b
http://dx.doi.org/10.1039/b418264b
http://dx.doi.org/10.1039/b418264b
http://dx.doi.org/10.1002/ange.201002240
http://dx.doi.org/10.1002/ange.201002240
http://dx.doi.org/10.1002/ange.201002240
http://dx.doi.org/10.1002/ange.201002240
http://dx.doi.org/10.1002/anie.201002240
http://dx.doi.org/10.1002/anie.201002240
http://dx.doi.org/10.1002/anie.201002240
http://dx.doi.org/10.1007/BF01045171
http://dx.doi.org/10.1007/BF01045171
http://dx.doi.org/10.1007/BF01045171
http://dx.doi.org/10.1021/jo00288a051
http://dx.doi.org/10.1021/jo00288a051
http://dx.doi.org/10.1021/jo00288a051
http://dx.doi.org/10.1016/S0040-4039(99)01251-4
http://dx.doi.org/10.1016/S0040-4039(99)01251-4
http://dx.doi.org/10.1016/S0040-4039(99)01251-4
http://dx.doi.org/10.1016/j.tet.2005.07.110
http://dx.doi.org/10.1016/j.tet.2005.07.110
http://dx.doi.org/10.1016/j.tet.2005.07.110
http://dx.doi.org/10.1039/cs9972600417
http://dx.doi.org/10.1039/cs9972600417
http://dx.doi.org/10.1039/cs9972600417
http://dx.doi.org/10.1016/S0040-4039(98)02069-3
http://dx.doi.org/10.1016/S0040-4039(98)02069-3
http://dx.doi.org/10.1016/S0040-4039(98)02069-3
http://dx.doi.org/10.1002/1521-3765(20010917)7:18%3C3880::AID-CHEM3880%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3765(20010917)7:18%3C3880::AID-CHEM3880%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/1521-3765(20010917)7:18%3C3880::AID-CHEM3880%3E3.0.CO;2-%23
http://dx.doi.org/10.1021/jo034152z
http://dx.doi.org/10.1021/jo034152z
http://dx.doi.org/10.1021/jo034152z
http://dx.doi.org/10.1021/jo034152z
http://dx.doi.org/10.1016/S0040-4039(02)02432-2
http://dx.doi.org/10.1016/S0040-4039(02)02432-2
http://dx.doi.org/10.1016/S0040-4039(02)02432-2
http://dx.doi.org/10.1016/S0040-4039(02)02432-2
http://dx.doi.org/10.1016/j.tetlet.2007.10.087
http://dx.doi.org/10.1016/j.tetlet.2007.10.087
http://dx.doi.org/10.1016/j.tetlet.2007.10.087
http://dx.doi.org/10.1016/j.tet.2008.10.091
http://dx.doi.org/10.1016/j.tet.2008.10.091
http://dx.doi.org/10.1016/j.tet.2008.10.091
http://dx.doi.org/10.1021/ol8013733
http://dx.doi.org/10.1021/ol8013733
http://dx.doi.org/10.1021/ol8013733
http://dx.doi.org/10.1016/j.tetlet.2009.03.142
http://dx.doi.org/10.1016/j.tetlet.2009.03.142
http://dx.doi.org/10.1016/j.tetlet.2009.03.142
http://dx.doi.org/10.1021/jo101175b
http://dx.doi.org/10.1021/jo101175b
http://dx.doi.org/10.1021/jo101175b
http://dx.doi.org/10.1016/j.tetlet.2010.10.036
http://dx.doi.org/10.1016/j.tetlet.2010.10.036
http://dx.doi.org/10.1016/j.tetlet.2010.10.036
http://dx.doi.org/10.1016/j.tetlet.2010.10.036
http://dx.doi.org/10.1021/ol061742l
http://dx.doi.org/10.1021/ol061742l
http://dx.doi.org/10.1021/ol061742l
http://dx.doi.org/10.1021/ol061742l
http://dx.doi.org/10.1021/cr950022h
http://dx.doi.org/10.1021/cr950022h
http://dx.doi.org/10.1021/cr950022h
http://dx.doi.org/10.1021/cr950022h
http://dx.doi.org/10.1039/b000708k
http://dx.doi.org/10.1039/b000708k
http://dx.doi.org/10.1039/b000708k
http://dx.doi.org/10.1016/S0040-4020(02)01187-0
http://dx.doi.org/10.1016/S0040-4020(02)01187-0
http://dx.doi.org/10.1016/S0040-4020(02)01187-0
http://dx.doi.org/10.1016/S0040-4020(02)01187-0
http://dx.doi.org/10.1002/hlca.200590109
http://dx.doi.org/10.1002/hlca.200590109
http://dx.doi.org/10.1002/hlca.200590109
http://dx.doi.org/10.1002/hlca.200590109
http://dx.doi.org/10.1039/b816701j
http://dx.doi.org/10.1039/b816701j
http://dx.doi.org/10.1039/b816701j
http://dx.doi.org/10.1039/b816701j
http://dx.doi.org/10.1016/j.tet.2011.07.009
http://dx.doi.org/10.1016/j.tet.2011.07.009
http://dx.doi.org/10.1016/j.tet.2011.07.009
http://dx.doi.org/10.1021/ja9026852
http://dx.doi.org/10.1021/ja9026852
http://dx.doi.org/10.1021/ja9026852
http://dx.doi.org/10.1021/ja9026852
http://dx.doi.org/10.1039/c001557a
http://dx.doi.org/10.1039/c001557a
http://dx.doi.org/10.1039/c001557a
http://dx.doi.org/10.1039/c001557a
http://dx.doi.org/10.1021/ja9044955
http://dx.doi.org/10.1021/ja9044955
http://dx.doi.org/10.1021/ja9044955
http://dx.doi.org/10.1002/chem.200903231
http://dx.doi.org/10.1002/chem.200903231
http://dx.doi.org/10.1002/chem.200903231
http://dx.doi.org/10.1002/chem.200903231
http://dx.doi.org/10.1002/ange.201101905
http://dx.doi.org/10.1002/ange.201101905
http://dx.doi.org/10.1002/ange.201101905
http://dx.doi.org/10.1002/ange.201101905
http://dx.doi.org/10.1002/anie.201101905
http://dx.doi.org/10.1002/anie.201101905
http://dx.doi.org/10.1002/anie.201101905
http://dx.doi.org/10.1007/s00894-006-0130-2
http://dx.doi.org/10.1007/s00894-006-0130-2
http://dx.doi.org/10.1007/s00894-006-0130-2
http://dx.doi.org/10.1007/s00894-006-0130-2
http://dx.doi.org/10.1016/j.molstruc.2006.10.002
http://dx.doi.org/10.1016/j.molstruc.2006.10.002
http://dx.doi.org/10.1016/j.molstruc.2006.10.002
http://dx.doi.org/10.1002/ange.200800128
http://dx.doi.org/10.1002/ange.200800128
http://dx.doi.org/10.1002/ange.200800128
http://dx.doi.org/10.1002/ange.200800128
http://dx.doi.org/10.1002/anie.200800128
http://dx.doi.org/10.1002/anie.200800128
http://dx.doi.org/10.1002/anie.200800128
http://dx.doi.org/10.1039/a803757d
http://dx.doi.org/10.1039/a803757d
http://dx.doi.org/10.1039/a803757d
http://dx.doi.org/10.1016/j.tet.2005.05.108
http://dx.doi.org/10.1016/j.tet.2005.05.108
http://dx.doi.org/10.1016/j.tet.2005.05.108
www.chemeurj.org

CHEMISTRY S. Hashimoto et al.

A EUROPEAN JOURNAL

[40] A major issue encountered in packing flow reactor with polymer- [42] S. Ceylan, L. Coutable, J. Wegner, A. Kirschning, Chem. Eur. J.
supported catalysts is the pressure drop across the reactor caused by 2011, 77, 1884-1893.
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