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Abstract

A poly(ethylene-glycol)-supported proline was used as the catalyst for two enantioselective conjugate addition reactions
leading toy-nitroketones. In both cases the chemical yield and the stereochemical efficiency of the processes greatly depended
on the reaction conditions. In the additions of ketones (cyclohexanone, cyclopentanone, and acetone) to 2-nitrostyrene, fair
yields (up to 60%) and good diastereoselectivity (up to $granti ratios) were observed. The enantiomeric excesses (up
to 40%) were lower than those obtained with non-supported proline (e.e. up to 57%). In the addition of 2-nitropropane to
cyclohexenone the use of the sodium salt of supported proline allowed to almost match the e.e. of the adduct obtained with
rubidium prolinate as the catalyst (50% e.e. versus 59% e.e.) in comparable yields. Examples of recovery and recycling of
the supported catalysts in both types of processes were also reported.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction presence and ready availability of these compounds in
the chiral pool.

Enantioselective organic catalysis is currently the As a part of a project aimed to the improvement
subject of an intense research activity aimed to develop of homogeneous enantioselective catalytic processes
“metal-free” alternatives to established “metal-based” by immobilization of organic catalysts on soluble
catalytic processefl]. In this respect, catalysis by polymer supports[3], we recently developed the
enantiomerically pure amines (aminocataly$) is poly(ethylene-glycol)-supported prolirte (PEG-Pro,
receiving considerable interest due to the ubiquitary Fig. 1) that was shown to be an effective, enantiose-

lective, and recyclable promoter for the aldol and imi-

noaldol condensations of ketones with aldehydes and
mpondmg author. Tels39-025031-4171: imines[4]. In the context of these reactions, the choice
fax: +39-025031-4159. of the monomethylether of poly(ethylene-glycol)
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Fig. 1. Structure of PEG-Pro.

particularly successful. This commercially available,
inexpensive polymer, being soluble in many organic
solvents and insoluble in a few other solvefs,

is a convenient catalyst support allowing, in princi-
ple, to run a reaction under homogeneous (and likely
best performing) conditions, and to recover and re-
cycle the catalyst as if it were bounded to a solid
support (for a recent review on the use of PEG as
catalyst support ses]; on the use of other soluble
polymers as catalyst supports §@&g for another ex-
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2. Experimental

General: 'H NMR spectra were recorded at
300 MHz in chloroform-d (CDG) and were refer-
enced to tetramethylsilane (TMS) at 0.00 ppm. Op-
tical rotations were measured at the Na-D line in a
1dm cell at 22C. IR spectra were recorded on thin
films or as CHCI, solutions. Compound was pre-
pared as describejd] and was dried under vacuum
at 80-90°C before use. Adduct’ [9], 5 [10], 7 [9],
and 10 [11] were known compounds that gaveé
NMR and IR data in agreement with those reported
in the literature. The relative and absolute configu-
ration of compound3, and the absolute configura-
tion of compoundl0 were assigned by comparison
of signs of optical rotation. In the case of com-
pound5 the assignment was based on the assumption
of an identical reaction pathway to that followed
with cyclohexanone and from common characteris-
tic NMR patterns with related known compounds
[12].

ample of PEG-supported enantioselective catalyst see

[8]).

In extending the use of PEG-Pro to other reactions,
we reasoned that this supported proline can in princi-
ple facilitate enantioselective conjugate addition pro-

2.1. Addition of ketones to 2-nitrostyrene: general
procedure

The reaction of cyclohexanone is illustrative of

cesses, either by inducing ketones (by enamine for- {he procedure. To a solution of PEG-Ptq0.472g,

mation) to act as Michael donors (&ig. 2), or by
activating a,3-unsaturated ketones (by iminium ion
formation) to act as Michael acceptor (Big. 2) [2].
Here, we report the results of this study.
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Fig. 2. Activation of conjugate addition processes by PEG-Pro

0.09mmol) in the appropriate solvent (1.2ml,
see Table ) kept under a nitrogen atmosphere,
2-nitrostyrene (0.090g, 0.60mmol) and cyclohex-
anone (0.621 ml, 6 mmol) were added in this order. Af-
ter stirring at RT for the appropriate time (SEsble J),

the solvent was evaporated under vacuum and the
residue was dissolved in GEl, (2 ml). This solution
was poured into ice cold ED (60 ml), whereupon the
catalyst precipitated and was filtered off and recov-
ered. The filtrate was concentrated under vacuum and
the residue was analyzed B{d NMR spectroscopy

to assess the diastereoisomeric ratio. To this end, the
signals at ca. 4.00 ppnautti) and 3.75 ppmgyn) were
exploited. Flash chromatographic purification (90:10
and then 80:20 hexanes:AcOEt mixtures as eluants)
afforded the pure product in the yields reported in
Table 1 The e.e. were determined by HPLC analysis
on a Chiracel ODH column with a hexanes:EtOH
95:5 mixture as eluant (flow rate 1 ml/mirg: of the
major enantiomer 11.89 min; of the minor enantiomer
11.32 min.
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Table 1
Stereoselective addition of cyclohexanone to 2-nitrostyrene catalyzed by PEG-Pro
Entry Solvent Time (h) Yield (96) syn/anti® e.e. (%Y
1 DMF 18 23 90/10 22
2d DMF 40 12 90/10 21
3 DMSO 40 10 Undetermined Undetermined
4 DMSO 72 26 70/30 15
5 MeOH 40 46 95/05 35
6 MeOH 72 60 95/05 35
7 MeOH 72 48 90/10 23
8° MeOH 72 23 90/10 23
o MeOH 72 23 90/10 20
108 MeOH 72 18 90/10 20

2|solated yields.

b As determined by 300 MHZH NMR analysis of the crude reaction products.
®Reported values refer to then isomer and were determined by HPLC on a chiral stationary phase.

d Carried out with 30 moleq. of cyclohexanone.

€ Carried out with a catalyst sample recycled after use in entry 6.
f Carried out with a catalyst sample recycled after use in entries 6 and 8.
9 Carried out with a catalyst sample recycled after use in entries 6, 8, and 9.

2.2. Addition of 2-nitropropane to cyclohexenone:
general procedure

To a solution of PEG-Prd (0.472g, 0.09 mmol)
in the appropriate solvent (4.5 ml, s@able 29 kept
under a nitrogen atmosphere, a 0.5M solution of

Table 2
Stereoselective addition of 2-nitropropane to cyclohexenone cat-
alyzed by alkali metal salts of PEG-Pfo

Entry Catalyst Solvent Time (h) Yield (%) e.e. (%
1 1/RbOH CHCE 40 62 5
2 1/NaOH CHCE 60 38 33
3 1/NaOH DMSO 60 36 10
4 1/NaOH MeOH 60 86 10
5 1/NaOH 2-PrOH 60 65 42
6 1/NaOH 2-PrOH 5 36 50
7 1/BusNOH 2-PrOH 60 98 16
8 1/BuuNOH 2-PrOH 5 22 20
9 1/BusNOH 2-PrOH 12 50 16

10 1/NaOH  2-PrOH 60 65 46

11 UNaOH'  2-PrOH 60 64 38

12 1/NaOH  2-PrOH 60 65 32

2|solated yields.

b As determined by HPLC on a chiral stationary phase.

CWith a catalyst sample recovered from the reaction of entry
5 and recycled.

dWith a catalyst sample recovered from the reactions of entries
5 and 10 and recycled.

€With a catalyst sample recovered from the reaction of entries
5, 10, and 11 and recycled.

NaOH in the reaction solvent indicated rable 2
(40.5ul, 0.081 mmol) or the equivalent amount of
solid NaOH (or one of the bases reportediable 2

was added. After 1h stirring at RT, cyclohexenone
(0.057ml, 0.9mmol) and 2-nitropropane (0.162ml,
0.6, 1.8 mmol) were added in this order. After stirring
at RT for the appropriate time (sdable 2, the sol-
vent was evaporated under vacuum and the residue
was dissolved in CbClo (2ml). This solution was
poured into ice cold RO (60 ml), whereupon the cat-
alyst precipitated and was filtered off and recovered.
The filtrate was concentrated under vacuum and the
residue was purified by flash chromatography (90:10
and then 80:20 hexanes:AcOEt mixtures as eluants)
to afford the pure product in the yields reported in
Table 2 The e.e. were determined by HPLC analysis
on a Chiracel OB column with a hexanes:EtOH 80:20
mixture as eluant (flow rate 1 ml/minfg: of the ma-

jor enantiomer 11.67 min; of the minor enantiomer
13.07 min.

3. Results and discussion

3.1. Diastereo- and enantiosel ective addition of
ketones to 2-nitrostyrene

The well-known ability of proline to activate
ketones by enamine formation has led to the de-
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Scheme 1. Addition of ketones to 2-nitrostyrene.

velopment of a variety of enantioselective catalytic pendently of the solvent, the use of a larger excess
processes including Robinson annulatiph3,14], of cyclohexanone depressed both the yield and the
aldol condensationfl5,16], and Mannich type reac- stereocontrol (entries 2 and 7).
tions [17,18] Recently, List reported the conjugate By comparing the present results to those obtained
addition of symmetric ketones to nitroalkenes car- for the same reaction with non-supported proline
ried out in the presence of proline (0.15moleq.). [9,19], it can be concluded that the supported catalyst
Working with 2-nitrostyrene and cyclohexanone in is less efficient in term of chemical yield than the
DMSO for 24h at room temperature, the product non-supported one both in MeOH and in DMSO. As
was obtained in high yield (94%), excellesmn di- far as the stereoselectivity of the reaction is concerned
astereoselectivitysyn/anti ratio ca. 20/1), but modest  on the other hand, the results obtained with the sup-
enantioselectivity (23%]9]. More recently, Enders  ported and the non-supported catalyst in DMBD
and Seki improved the stereochemical outcome of are very similar (with PEG-Prosyn/anti = 9/1, e.e.
this process by employing a slightly higher catalyst 22%; with proline:syn/anti > 20/1, e.e. 23%), whereas
loading (0.20 moleq.), methanol as the solvent, and the use of proline in MeOH leads to higher e.e. (57%
longer reaction time (96 h). Under these conditions versus 35%])19]. The observation of somewhat lower
the product was isolated in 79% vyield, 3Zjn/anti chemical yields seems to be a common feature of
diastereoselectivity, and 57% e[&9]. the PEG-Pro catalyzed reactiof§ with respect to
This same reactionScheme )1 was investigated their proline-catalyzed counterpaifts3—18] On the
by us working with 1.0moleq. of 2-nitrostyrene, contrary, the lower enantioselectivty observed was
0.15moleq. of PEG-Prd, and 10 moleq. of cyclo-  more surprising and unprecedented in previous works,
hexanone in different solventsZ/solvent (v/v) ratio where PEG-Pro performed stereochemically as well
= 0.5). The data, reported ifable 1 showed that as proline[4].
MeOH was the solvent of choice for this reaction One of the main reasons for developing a polymer-
(entries 5 and 6), allowing to isolate add®adn yield supported catalyst resides in the possibility of exploit-
(up to 60%),syn diastereoselectivitysyn/anti ratio up ing the polymer support as a solubility device for
to 19/1), and e.e. (35%) higher than those observed catalyst recovery and recyclij8,6,7]. This issue was
in more polar solvents such as DMF (entries 1 and addressed with the experiments described in entries 8
2) and DMSO (entries 3 and 4)The use of a long  through 10 ofTable 1 From the reaction of entry 6,
reaction time was beneficial for the yield (entry 5 PEG-Pro was readily recovered by precipitation with
versus entry 6) but not for the stereoselectivity. Inde- diethylether followed by filtration (average recovery
yields ranged from 85 to 90%), and employed to pro-
Wsolvents tested without success were: chloroform, mote three additional runs. A§ can be_seen_ from the re-
toluene, cyclohexanone, nitromethane, and 2,2,2-trifluorethanol. POrted data, a decrease both in chemical yield (from 60
Yields and ee were lower than 15%. to 23%) and e.e. (from 35 to 23%) was observed for the



M. Benaglia et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 157-163

0 (0]
Me NO, 1or
¥ Y TV NO
Me 1/M* salt /< 2
8 9 Me Me

10

Scheme 2. Addition of 2-nitropropane to 2-cyclohexenone.
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(24 h, room temperature). It is worth mentioning that
in both Hanessian’s and Yamaguchi's procedures the
catalysts were poorly soluble in the reaction solvent.
While attempts to replicate Hanessian’s results with
PEG-Pro were not very successfulyamaguchi’s
method, or modifications thereof, proved to be much
more amenable to the use of the supported catalyst
(Table 2. Indeed, the in situ generated sodium salt
of PEG-Pro UNa) catalyzed the synthesis dD
in 2-propanol in 65% yield and 42% e.e. (entry 5).

second run, after which the catalyst performed at the Shortening the reaction time to 5 h (entry 6) improved

same level of efficiency for two other runs. Also this

the e.e. ofl0 to 50%, a value close to Yamaguchi's

behavior is in contrast with that observed in the case one (59%). It seems likely that the reversible nature

of other PEG-Pro catalyzed reactioff§ where the

of the reaction can account for the dependence of the

decrease in chemical yields was much slower (SOme ¢ & on the reaction time.

8% per run) and no erosion of enantioselectivity was
reported up to the fourth cycle.
Finally, extension of the use of catalykto the re-

actions of different ketones was attempted. Replace-

ment of cyclohexanone with cyclopentanah@&inder
the conditions of entry 7Table ) gave adducb in
40% yield as a 60/40 mixture afn/anti diastereoiso-

Also the role of the solvent was found to be impor-
tant. Indeed, when the reaction was performed with
1/Na, a high yield was observed in MeOH (entry 4, e.e.
10%), while the reaction is sluggish both in DMSO
(36% vyield and 10% e.e., entry 3) and in chloroform
(38% yield and 33% e.e., entry 2).

The possibility that the polyethyleneoxy chain of

mers having 40 and 30% e.e., respectively. A recycled pgg could interact with the alkali metal of the pro-

sample of catalyst promoted the same reaction afford-

ing 5in lower yield (26%) but identical diastereo- and
enantioselectivitygyn/anti ratio 60/40; e.e. afyn iso-
mer 40%, ofanti isomer 32%). The use of acetofie
led to racemic adduc in 92% yield.

3.2. Enantioselective addition of 2-nitropropane to
2-cyclohexenone

The possibility of exploiting PEG-Prd to acti-
vate a,3-unsaturated ketones by iminium ion forma-
tion toward the addition of nucleophile8,(Fig. 2)
was examined by studying the reaction reported in
Scheme 2 According to a recent literature report
by Hanessian and Phaf20], compound10 could
be obtained in 88% vyield and 93% e.e. by run-
ning the reaction between 2-cyclohexeno®eand
2-nitropropane? in the presence of a stoichiomet-
ric amount of 2,5-dimethylpiperazine and a catalytic
amount (0.03—-0.07 mol eq.) of proline in chloroform
(62h, room temperature). This results improved a
previous procedure by Yamaguchi et[dl1] that was
described to afford the same product in 81% yield
and 59% e.e. when 0.05moleq. of rubidium proli-

linate sal® led us to investigate the use of different
bases to generate the catalytically active speties.
The use of an in situ generated sample of the rubid-
ium salt of PEG-Pro in chloroform (reaction time
40 h) led to compoundO in 62% yield and 5% e.e.
(entry 1). Pre-formation of the Rb-catalyst depressed
the chemical yield to less than 10%. The use of

2 Repetition of Hanessian’s experiment using PEG-Pro instead of
proline afforded a 94% yield of virtually racemi® in MeOH, and
a 68% vyield of a 20% ee sample of the product in 2-propanol. Other
solvents tested were: chloroform (15% yield, racemic); DMSO
(28% yield, racemic); EtOH (65% yield, racemic); hexane (42%,
racemic) and acetonitrile, THF, and toluene in which no product
was obtained. It must be noted that the reaction carried out under
Hanessian’s conditions in the presence of the bismethylether of
PEG of My 2000 Da afforded the product in 60% isolated yield
and 70% ee, both values being inferior than those obtained in the
absence of PEG (88% yield, 93% ee). This clearly showed that the
polymer influenced the outcome of this reaction, likely because
of its solubilizing properties (see later).

3 That a PEG/Rk- interaction can indeed play a role in the reac-
tion was suggested by the fact that when Yamaguchi's procedure
was repeated in the presence of the bismethylether of PBG,of
2000 Da, adduclO was obtained in 54% yield and only 15% ee.

4 Other alkali metals tested were: lithium (no product obtained),
potassium (20% vyield, 10% ee of the opposite enantiomer), cae-

nate was used to catalyze the reaction in chloroform sium (10% yield, undetermined ee).
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tetrabutylammonium hydroxide as the PEG-Pro car- obtained with rubidium prolinate as the catalyst (50%

boxylate generating reagent (entry 7) afforded the e.e. versus 59% e.e.) in comparable yields. Examples
product in excellent yield (98%) but unacceptably of supported catalyst recovery and recycling were re-

low e.e. (16%). Under these conditions, a slight im- ported for both processes (four cycles), when the two
provement in the e.e. was observed at a much shortercatalysts were shown to behave differently.

reaction times (entry 8). The data collected for the two PEG-Pro catalyzed

In attempting an explanation for the results obtained Michael-type addition processes here described seem
in the PEG-Pro catalyzed synthesis of compotfd to indicate a strong dependence of the efficiency of
it is worth mentioning that the aggregation state of the the supported catalyst on the type of the reaction in
catalyst seems to play an important role in determining which the catalyst is employed. Differently from the
the outcome of both the Hanessian’s and Yamaguchi's aldol-type processes, where PEG-4p behaved as
reactions. In this respect it is worth mentioning that well as non-supported prolif@3-18] in the present
under Hanessian’s conditions, proline is not soluble cases the PEG-supported catalyst is less efficient than
and a nonlinear relation between the e.e. of proline and the non-supported one. Therefore, as more general
that of the product was observgD]. With PEG-Pro conclusion, these results showed that the identification
on the other hand, the solubilising presence of the PEG of an ideal support of wide applicability in the field of
portion of 1 can obliterate catalyst’s surface effects supported catalysis remains an elusive goal that will
that seem to be important in achieving high e.e.. Sim- require more work to be achieved.
ilarly, the presence of PEG can prevent proline aggre-
gation around the alkali metal, a structural feature that
very recently was shown to be an important factor for
the efficiency of Yamaguchi’'s catalyg1].

The recovery and recycling af/Na was studied
with the experiments described in entries 10-12,
Table 2 The catalyst recovered from the reaction of
entry 5 was employed for three additional cycles, af-
fording the product in constant yields (60—-65%). On
the other hand, the e.e. remained in the 40% range
until the third run, and dropped to 32% at the fourth

Acknowledgements

Partial financial support by MIUR-COFIN (ex 40%)
“Stereoselezione in Sintesi Organica, Metodologie ed
Applicazioni” and CNR (Agenzia 2000) is gratefully
acknowledged.

eferences

cycle. This behavior was reminiscent of that observed
upon recycling PEG-Pro in the aldol- and iminoaldol
reactions[4], and clearly different from that ob-
served forl in the conjugate addition of ketones to
2-nitrostyrene (entries 8—10able 1.

4. Conclusions

In conclusions, the use of a poly(ethylene-glycol)-

supported proline as a catalyst for two types of enan-

tioselective conjugate addition reactions leading to
v-nitroketones was investigated. In the additions of
ketones to 2-nitrostyrene, fair yields (up to 60%), good
diastereoselectivity (up to 95/§mn/anti ratios), but

e.e. (up to 40%) lower than that observed with proline
were observed. In the addition of 2-nitropropane to

[1] P.I. Dalko, L. Moisan, Angew. Chem. Int. Ed. 40 (2001) 3726.

[2] H. Groger, J. Wilken, Angew. Chem. Int. Ed. 40 (2001) 529.

[3] D.E. De Vos, I.FJ. Vankelecom, P.A. Jacobs (Eds.),
Chiral Catalyst Immobilization and Recycling, Wiley/VCH,
Weinheim, 2000.

[4] M. Benaglia, G. Celentano, M. Cinquini, F. Cozzi, A. Puglisi,
Adv. Synth. Catal. 344 (2002) 533, and references cited
therein.

[5] D.J. Gravert, K.D. Janda, Chem. Rev. 97 (1997) 489.

[6] T.J. Dickerson, N.N. Reed, K.D. Janda, Chem. Rev. 102
(2002) 3325.

[7] D.E. Bergbreiter, Chem. Rev. 102 (2002) 3345.

[8] M. Benaglia, G. Celentano, M. Cinquini, F. Cozzi, A. Puglisi,
Adv. Synth. Catal. 344 (2002) 149.

[9] B. List, Tetrahedron 58 (2002) 5573, and references cited
therein.

[10] J.M. Betancort, K. Sakthivel, R. Thayumanavan, C.F. Barbas
Ill, Tetrahedron Lett. 42 (2001) 4441.

[11] M. Yamaguchi, Y. Igarashi, R.S. Reddy, T. Shiraishi, M.
Hirama, Tetrahedron 53 (1997) 11223.

cyclohexenone the use of the sodium salt of supported [12] p. seebach, R. Lyapkalo, R. Dahinden, Helv. Chim. Acta 82

proline allowed to almost match the e.e. of the adduct

(1999) 1829.



M. Benaglia et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 157-163 163

[13] U. Eder, G. Sauer, R. Wiechert, Angew. Chem. Int. Ed. 10 [17] B. List, J. Am. Chem. Soc. 122 (2000) 9336.

(1971) 496. [18] W. Notz, K. Sakthivel, T. Bui, G. Zhong, C.F. Barbas Ill,
[14] Z.G. Hajos, D.R. Parrish, J. Org. Chem. 39 (1974) 1615. Tetrahedron Lett. 42 (2001) 199.
[15] B. List, R.A. Lerner, C.F. Barbas Ill, J. Am. Chem. Soc. [19] D. Enders, A. Seki, Synlett (2002) 26.

122 (2000) 2395. [20] S. Hanessian, V. Pham, Org. Lett. 2 (2000) 2975.

[16] K. Sakthivel, W. Notz, T. Bui, C.F. Barbas Ill, 3. Am. Chem.  [21] M. Kunimura, S. Sakamoto, K. Yamaguchi, Org. Lett. 4
Soc. 123 (2001) 5260. (2002) 347.



	Poly(ethylene-glycol)-supported proline: a recyclable aminocatalyst for the enantioselective synthesis of gamma-nitroketones by conjugate addition
	Introduction
	Experimental
	Addition of ketones to 2-nitrostyrene: general procedure
	Addition of 2-nitropropane to cyclohexenone: general procedure

	Results and discussion
	Diastereo- and enantioselective addition of ketones to 2-nitrostyrene
	Enantioselective addition of 2-nitropropane to 2-cyclohexenone

	Conclusions
	Acknowledgements
	References


