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ABSTRACT
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Some novel prolinal dithioacetal derivatives were studied as catalysts for the inverse-electron-demand hetero-Diels —Alder reaction of enolizable

aldehydes and p,y-unsaturated a-ketophosphonates. The corresponding 5,6-dihydro-4  H-pyran-2-ylphosphonates were obtained in good ee
values (up to 94% ee).

Recently we reported a highly enantioselective method for our attempts failed to produce any useful product, except
the synthesis ofi-hydroxyphosphonates by using a proline for the reaction of propanalg) and diethytrans-1-oxo-2-
derivative-catalyzed aldol reaction of ketones an#eto- butenylphosphonate (2a,Ay-unsaturated.-ketophospho-
phosphonatesin view that the aldol reaction works through  nate, Scheme 1), which indeed yielded a definite product.
an enamine intermediate formed by the reaction of the ketoneNevertheless, after purification, the product isolated was not
and the proline derivativeand that aldehydes readily form the expected aldol produet (Scheme 1, top equation).
enamine intermediates with proline derivativés,s quite Instead, a careful analysis of the spectroscopic data of this
reasonable to assume that aldehydes are also good substrateesmpound revealed that it is the cyclic prod6et(Scheme

for this reaction. On the basis of this assumption, we tried 1, bottom equation). This result is in striking contrast to that
to react aldehydes witli-ketophosphonates by using of acetone, which under similar conditions reacts i#tto
proline (3}2 as the catalyst. Surprisingly enough, most of give exclusively the expected aldol product in high yi&ld.

Compoundsa may be regarded as a glycal phosphonate

T Dedicated to Professor Waldemar Adam on the occasion of his 70th derivative. Similar compounds have been shown to have
birthday. . . . s .
xUnﬁergraduate student. multiple biological activities. The formation of5 may be
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Scheme 1 Table 1. Catalyst Screening and Reaction Condition
P(O)(OEt), Optimizatior?
CH3CHoCHO + \/ﬁof o008 HO.,_O._P(O)(OEt),
1a 2a CHsCHzCHO*'\/\ﬂ/ 2 Catalyst, U
fe} CH,Cl, Y
HO :
‘ »—CHO 1 2
N “>P(O)(OEL), Og,-O-_-P(O)(OEt)
s : _pec T
HO.. _O.__P(O)OE), CHCl, :
L. . T 15a
Sa time yield anomeric ee

entry solvent catalyst (h) (%) ratio® (%)?

. ) . 1 CHyCl, 3 18 92 80:20  38(4)

reactiort between the _enamine, generated in situ from o oyl 6 20 87 80:20 14 (4)

propanal (1a) and proline, and thes-unsaturated ketone 3 CH.Cl 7 15 92 78:22 50 (+)

2a. Examples of such an organocatalytic hetero-Biglsler 4  CHuCly 8 25 78 83:17 16 (+)

reaction are very scarce in the literature. To the best of our 5  CH:Cly 9 24 43 80:20 26 (+)

knowledge, only Jergensen and co-workers have reported a 6f CHCly 10 24 <5 nd®  nd

similar reaction off,y-unsaturated:-ketoesters. 7 CHCly 11 30 87 76:24 46 (+)

Three new stereogenic centers are generated during the o,  Ch2Ch 12 50 82 8119 79.(+)

: 9 9 durnng 9% CHCl, 13 30 83  8L19 40+

formation of producta out of theL-proline catalysis, but 10¢  CH,Cl, 14 30 79 80:20 87 (-)

only two diastereomers were obtained in an 80/20 ratio @S 112 hexane 14 40 82 83:17 80 (—)

determined byHNMR analysis of the crude product. This 126 toluene 14 48 82 80:20 80 (-)

mixture of diastereomers is difficult to separate on HPLC  13¢  THF 14 48 85 82:18  62(-)

columns and makes it impossible to determine the ee value 14  CHCls 14 36 73 7822 63(-)
of the product directly and, therefore, prodbetwas further aUnless otherwise indicated, all reactions were carried out with diethyl

oxidized to the corresponding lactone derivatifa (Table trans-1-oxo-2-butenylphosphonate2g, 0.25 mmol), propanal 1,
1). Aft idati the t diast . th 2.0 mmol), and the catalyst (0.025 mmol, 10 mol %) in the specified solvent
). After oxidation, the two diastereomers give the same (; o mL) at room temperaturé Yield of the isolated producta after

product, which indicates that the diastereomerism was duecolumn) chromgtogra(?hy.Onéy the tms prodlfjc}1 (refe:js tollﬁmd Rih

; groups) was obtained according to thé NMR of the crude product; the
to the _StereOChemIStry of the hydro>§y group, Whereas the anomeric ratio was determined By NMR analysis of the crude product.
formation of the two carbon stereogenic centers is completely d The ee values were determined by HPLC analyses of the oxidized product
diastereoselective. The stereochemistry of the two aIkyI 15a; the absolute configuration was not determirfedot determined.

. . . . fPhCQH (10 mol %) was added. The reaction was carried out with added
groups was determined to be in trans configuration through jjica gel (100 mg).
the NMR study of the oxidized produd5a® A similar

phenomenon was also observed by Jargensen and co-workers

in the reaction of3,y-unsaturated.-ketoesters. to catalyze the same reaction; however, the enantioselec-
The ee value of produd5awas determined to be 38%, tjvities obtained were unsatisfactorg$0% ee, entries-24).

and the major enantiomer is dextrorotatory (Table 1, entry The reaction catalyzed by a 2-piperidinyl monophosphonic

1). To improve the enantioselectivity of this reaction, several acid (9¥ also led to poor results (26% ee, entry 5). While

proline derivatives (Figure 1) were screened. The results areg|| these catalysts do lead to the desired product, the

summarized in Table 1. MacMillan catalyst L0)° gives almost no conversion of the
BesidesL-proline, L-prolinamide 6), L-proline tetrazole  substrate (entry 6). In the presence of benzoic a@y2¢

(7). and an.-proline-derived dipeptide (8pll were found  (pyrrolidin-1-ylmethyl)pyrrolidine {1) also produces the

desired Diels-Alder product, but again in poor ee value

(4) For reviews on hetero-DietsAlder reactions, see: (a) Jargensen, (46%, entry 7). The diphenylmethylpyrrolidine catalyist

K. A. Angew. Chem.|nt. Ed. 2000, 39, 3558—3588. (b) Johnson, J. S; ! . .
Evans, D. A.Acc. Chem. Re2000, 33, 325—335. (c) Gademann, K.; has been studied by Jargensen and co-workers in the reaction

Chavez, D. E.; Jacobsen, E. Angew. Chem.nt. Ed. 2002,41, 3059— Ofﬁ’»y_unsaturated_ketoesterg_We also app“ed this Cata|yst

3061. (d) Jargensen, K. A.; Johannsen, M.; Yao, S.; Audrain, H.; Thorhauge, . . d hi d . lectivi o

J. Acc. Chem. Red.999, 32, 605—613. in our reactlon: an gmuc improve enar.1tl|ose ectivity (79%
(5) Juhl, K.; Jgrgensen, K. Angew. ChemInt. Ed.2003,42, 1498— ee) was obtained in the presence of silica gel (entry 8).

1501. For related stoichoimetric examples, see: (a) Eiden, F.; Winkler, W. s ; ;
Arch. Pharm.1986,319, 704—715. (b) Schreiber, S. L.; Meyers, H.v. Without silica gel, the reaction was very slow and poor yield

Am. Chem. Socl988, 110, 5198—5200. For other examples of organo- Was obtained with this catalyst (data not shown). It is our
catalytic hetero-Diels Alder reactions, see: (a) Yamamoto, Y.; Momiyama,  conviction that acidic silica gel catalyzes the cleavage of
N.; Yamamoto, HJ. Am. Chem. So2004,126, 5962—5963. (b) Suhde 9 y 9
H.; Ibrahem, I.; Eriksson, L.; Cordova, Angew. Chem.nt. Ed. 2005,

44, 4877—4880. (9) Catalys®9 is a known compound, although it has never been used in
(6) For details, see the Supporting Inforamtion. organocatalysis; see: Maury, C.; Wang, Q.; Gharbaoui, T.; Chiadmi, M.;
(7) Cobb, A. J. A.; Longbottom, D. A.; Shaw, D. M.; Ley, S. €hem. Tomas, A.; Royer, J.; Husson, H.-Petrahedron1997,53, 3627—3636.

Commun2004, 1808—1809. (10) Northrup, A. B.; MacMillan, D. W. CJ. Am. Chem. SoQ002,

(8) Martin, H. J.; List, B.Synlett2003, 1901—1902. 124, 6798—6799.
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s enantiomer (entry 14). The fact that all the products obtained

in this study (including those in Table 2, vide infra) are

N.
H H H HN—N
3

6 7 Table 2. Enantioselective Hetero-Diels—Alder Reacfion
N COHQ N’ R HO., O._P(O)OEY),
€02 0 R P(O)OE, 14/S10 U
N : ~ 1 Rl 147510,
N oo A N" "P~oMe //%N )\é R'CH,CHO V\[O( CH,Ch R
OH pn H R?
8 9 10 1 2 5

O+ O.__P(O)OEH),
Q( e T T
O\(s CH,Cl, R
R2
N O :
H

H N N S 15
Q Ph
time yield anomeric ee
entry R! R? (h) (%) ratio® (%)
11 12 13
1 Me Me 30 79 81:19 87d
2 Et Me 28 87 83:17 824
3 CHs(CHz)s Me 30 88 76:24 83d
O\/S 4 CH3(CHz)s Me 36 87 79:21 894
ﬁ s 5 CHs(CHs)7 Me 30 91 72:28 85¢
6 i-Pr Me 40 69 59:41 89¢
\@ 7 Ph Me 36 82 71:29 68¢
8 PhCH» Me 72 69 77:23 94¢
14 9 Me Et 48 72 71:29 80¢
10 Et Et 48 71 68:32 89¢
Figure 1. Catalysts screened for the hetero-Diefdder reaction. 11 Me Ph 29 41 78:99 19¢

aUnless otherwise indicated, all reactions were carried out with
] ) unsaturated ketophosphonatf.25 mmol), aldehyd# (2.0 mmol), catalyst
catalyst12 from the primary Diels-Alder product of the 14(0.025 mmol, loémol I"gn).fandlsili%a ge|d(100frtng) inI 13427 (lh-O mL)
; ; ; o at room temperaturé.Yield of isolated product after column chromatog-
enamine and, therefore’ Improves the Ca_talytlc eff|C|ency of raphy. ¢ Only the trans product (refers to'Rnd R groups) was obtained
12. It should be pointed out that catalyistis R-configured according to théH NMR of the crude product; the anomeric ratio was

and the formation of the levorotary enantiomer as the major determined by*H NMR analysis of the crude productDetermined by
HPLC analysis of the oxidized produtb; the absolute configuration was

product (entry 8) is in line with the othe®-configured not determined? Determined by direct HPLC analysis of prodict 'The
proline-derived catalysts. reaction was carried out at<.

Catalystl2is the best one among these screened catalysts;
but the enantioselectivity is still below 80% ee. To further
improve the asymmetric induction, modification of the liquids hampers the determination of the absolute configura-
structure of12 is desirable. Nevertheless, because the side tions of the stereogenic centers in the produbtsufd 15)
chain of 12 consists of C—Cs bonds, the modification of ~ and, therefore, the reason for this enantiofacial selectivity
12is not easy. Because dithioacetal bonds are much easiefWitch is not clear at this moment.
to form (as compared with C—@G bonds) and there are a For catalystl4, further screening of solvents revealed that
variety of thiol structures available, we became interested normal organic solvents, such as hexane (entry 11), toluene
in replacing the €&C o bonds in12 with dithioacetal bonds.  (entry 12), THF (entry 13), and CH&{entry 14), all led to
Thus, catalystd3 and 14 were designed. Both catalysts  inferior results than CkCl, (entry 10). Thus, CkCl, was
may be synthesized in just one step from the commercially identified as the best solvent for this reaction.
availableN-Boc-prolinal in high yields. As is evident from Table 1, the ratio of the two anomers

These two catalysts were then applied in the above Biels Of the trans product remains almost unchanged even though
Alder reaction. Both catalysts were found to process similar the catalysts or the reaction conditions are changed.
reactivities as that o12. While a lower ee value of 40%  To understand the scope of this reaction, we studied
(entry 9) was obtained with cataly$8, the more hindered  reactions of several enolizable aldehydes @yeunsaturated
catalyst14 did lead to a better ee value than cataly3{87% o-ketophosphonates under the optimized conditions. The
ee, entry 10). Most surprisingly, however, is the finding that results are collected in Table 2.
these two catalysts led to opposite enantiomers as the major As is evident from Table 2, enolizable aliphatic aldehydes
products, although they have the same absolute configura-are good substrates for the reaction with diettrghs-1-
tion: catalystl3yields dextrorotary enantiomer as the major oxo-2-butenylphosphonate?d). Regardless of the chain
product (entry 13), whereas catalyist produces levorotary  lengths (G—Cy), the enantioselectivities obtained were very
similar for straight-chain aldehydes (ca. 85% ee, entries
(11) These catalysts are stable under both acidic and basic conditions.1—5). A good ee value (89%) was also obtained for the
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branched isovaleraldehyde (entry 6). In contrast, a big drop strong electron-withdrawing group (such as phophonate or
in the enantioselectivity was observed for phenylacetaldehydecarboxylate) adjacent to the carbonyl group is crucial for
(to 68% ee, entry 7). Such a selectivity drop is most likely this reaction.

due to some electronic effects, because good enantioselec- |n summary, we have found thAty-unsaturated-keto-

tivity has been obtained with the hindered isovaleraldehyde phosphonates, likg8,y-unsaturatedx-ketoesters, undergo
(entry 6). When the phenyl group moves further away from jnyerse-electron-demand hetero-Diefsider reaction under
the reaction center, i.e., as in dihydrocinnamaldehye, high the catalysis of proline derivatives. Readily available and
enantioselectivity was obtained once again (94% ee, entrypjghly tunableL-prolinal dithiolacetal catalysts have been
7). Besides diethyrans 1-oxo-2-butenylphosphonate, diethyl  shown to be promising catalysts for this reaction and good

trans1-oxo-2-pentenylphosphonate reacts similarly, and gg ygjues of the Diels—Alder products were obtained (up to
gives the expected products in similar enantioselectivities g0y ee).

(entries 9 and 10). However, the reactiontrains-1-0xo-3-
phenyl-2-propenylphosphonate leads to a very low ee value 5y noledgment. The generous financial support of this

of the product (entry 11), probably also due to electronic project from the Welch Foundation (Grant No. AX-1593)

effects. .
and the NIH-MBRS program (Grant No. S06 08194) is
In all cases only the trans (refers to the alkyl groupgs R gratefully acknowledged.

and R) stereoisomers were formed, while the anomeric ratios
are dependent on the nature of these two substituents.
Nevertheless, after PCC oxidation, both anomers should give

9 cedures, NMR spectra for new compounds, and HPLC

the same product5. However, a simplex,S-unsaturated : ; - . .
b ple,f analysis data. This material is available free of charge via

ketone, such as chalcone, does not participate in this reaction

(data not shown). On the basis of these results and thosethe Internet at hitp://pubs.acs.org.

reported by Jgrgensen and co-workethe presence of a  OL071097Y
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