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Chiral amines catalyze the enantioselective conjugate addition of aldehydes to vinyl phosphonates in high yields and with enantioselectivities
up to 97% ee. This novel process provides synthetically useful chiral y-geminal phosphonate aldehydes which can be easily converted in a
few steps into chiral  B-substituted vinyl phosphonates with conservation of the optical purity.

Besides transition-metal complexes and enzymes, organo-by pyrrolidine analogues has become of major significance
catalysis has recently emerged as a new field in asymmetricfor the stereoselective formation of-<C bonds: In this
synthesis:? The efficiency and the scope of organocatalysis context, our laboratory has developed 2,2'-bipyrrolidine
and particularly aminocatalysis have been broadly establishedderivatives for the Michael addition of aldehydes and ketones
since the rediscovery of the proline-catalyzed intermolecular to nitroolefins with high stereocontrélAn improvement of
aldol reactior® Chiral secondary amines have proven to be selectivity for bulky aldehydes was further achieved by
effective catalysts for these reactions by covalently activating Kanger and us with 3;3imorpholine derivative, incorporat-
the carbonyl compounds either via nucleophilic enamines ing the morpholine structural motif instead of pyrrolidine
or electrophilic iminium iong. Among the wide variety of  one? More recently, we have described the first enantio-
methods, the asymmetric conjugate addition (ACA) catalyzed selective conjugate addition of aldehydes to vinyl sulfones
catalyzed by our diamines with enantioselectivities up to 80%
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ee? In contrast to cinchona catalyS$tthe presence of geminal

bis-sulfone groups on the olefin was required for the Table 1. Optimization Studies for the Oragnocatalytic ACA of

reactivity of this pyrrolidine-type catalysis.

To broaden the scope of our methodology and to confirm
our hypothesis of bis-activated Michael acceptors, vinyl
phosphonates were selected as electrophilic olefins owing
to their easy access from commercial sources and their
potential for offering synthetic versatile intermediates.
Despite the great interest on vinyl phosphonatesnly

Enders has reported diastereoselective conjugate addition of

modified ketone via SAMP hydrazone activatibrit is also
worth noting that conjugate addition of lithium salt of
Schoéllkopf’s bislactim ether to vinylphosphonate constitutes
a highly stereoselective key step in the synthesig-amino
y-phosphonate aldehyd&However, it remains challenging
to develop a direct enantioselective catalytic method for the
cornerstone ACA of carbonyl donors.

Herein, we present the first enantioselective organocata-
Iytic conjugate addition of aldehydes to vinyl phosphonates
using diphenylprolinol silyl ethedg, providing optically
activey-gem-phosphonate aldehydes in good yields and with
high stereoselectivities, which can be easily converted into
chiral g-substituted vinyl phosphonates with conservation of
the optical purity.

In view of the previously mentioned hypothesis, we
initially evaluated the reactivity of vinyl phosphonat2s—
3ain the conjugate addition of isovaleraldehytle using
pyrrolidine 4a as the organocatalyst (Table 1, entries 1 and
2). As expected, we found that the Michael reaction was
only effected with the vinyl bis-phosphonasa (Table 1,
entry 2)13 This behavior was confirmed by performing the
reaction with NiPr-2,2'-bipyrrolidine (i-PBPYb catalyst
(Table 1, entries 3 and 4). No reaction occurred with vinyl
monophosphonat®a (Table 1, entry 3), whereas full
conversion was achieved in 1 h with vinyl bis-phosphonate
3a (Table 1, entry 4). Consequently, contrary to nitroole-
fins,415we assume that this type of Michael acceptor should
bear geminal bis-electron-withdrawing groups in order to
enable the aminocatalyzed conjugate addition of carbonyl

Isovaleraldehydd a to Vinylphosphonate@a—3a
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Michael reaction conv® yield® ee?
entry acceptor cat. cond (%) (%) (%)
1 2a 4a rt,96h 0
2 3a 4a rt,1h 100 80
3 2a 4b rt,96h 0
4 3a 4b rt,1h 100 71 31
5 3a 4 0°C,5h 100 75 33
6 3a 4¢ 0°C,24h 84 55 29
7 3a 4d 0°C,5h 100 70 15
8 3a 4e rt,48 h 0
9 3a 4af rt,48 h 0
10 3a 4g rt,12h 100 80 90
11 3a 4g 0°C,18h 100 82 80
12 3a 4g 60°C,12h 100 71 91
13¢ 3a 4g rt,12h 100 49 83
147 3a 4g rt,15h 100 81 85

a Performed withla (3.33 mmol),2a or 3a (0.333 mmol), andla—g
(0.066 mmol).> Determined by*H NMR on the crude materiaf.Isolated
yields after purification by column chromatograpyDetermined by'H
NMR on imidazolidines8a and 9a derived from Michael addudéa and
N,N-dimethyl-1,2-diphenylethylenediamiife see Scheme ®.Performed
with H,O/EtOH 95:5.f Performed with 10 mol % of catalygg.

donors. Next, the stereochemical outcome was examined bySCréening various pyrrolidine-core organocatalyts for the
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(10) For recent selected reviews on vinyl phosphonates, see: (a) Minami,
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12961.
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Giannis, A.; Sandhoff, KTetrahedronl995,51, 11207. (c) Fernandez, M.
C.; Quintela, J. M.; Ruiz, M.; Vicente, O.etrahedron: Asymmeti3002,

13, 233. (d) Fernandez, M. C.; Diaz, A.; Guillin, J. J.; Blanco, O.; Ruiz,
M.; Vicente, O.J. Org. Chem2006,71, 6958.

(13) For the synthesis of vinyl bis-phosphonate see: Degenhardt, C.
R.; Burdsall, D. CJ. Org. Chem1986,51, 3488.

(14) For pioneering findings on aminocatalyzed ACA of ketones to
nitroolefins, see: List, B.; Pojarliev, P.; Martin, H. Org. Lett. 2001, 3,
2423. For pioneering findings on aminocatalyzed ACA of aldehydes to
nitroolefins, see: (b) Betancort, J. M.; Barbas, C. F.,Qtg. Lett.2001,

3, 3737.
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Michael reaction of isovaleraldehydg&a to vinyl bis-
phosphonat8a, and some representative results are shown
in Table 1. Despite its excellent catalytic activitysisopro-
pyl-(2S,2'S)-bipyrrolidineb led to moderate yield and low
enantioselectivity whatever the temperature (Table 1, entries
4 and 5). The reaction rate and the enantioselectivity were
decreased when the isopropyl substituent4mwas ex-
changed for a methyl group #t (Table 1, entry 6). Although
(S)-(+)-(1-pyrrolidinylmethyl)pyrrolidine4d catalyzed the
reaction as fast as diaminéb, it was revealed to be
unselective (Table 1, entry 7). Neith&)-{proline4enor (-
diphenylprolinol4f have generated the 1,4-addéet after
48 h (Table 1, entries 8 and 9). Then, we were interested in
(S)-diphenylprolinol silyl ethedg extensively explored by
Jgrgensen in various organocatalytic reacfibasd inno-
vatively reported by HayasWf as an exceptional catalyst
for the Michael reaction of aldehydes to nitroolefins.

To our delight, (S)-diphenylprolinol silyl ethetg was
found to induce particularly high stereocontrol for the ACA

Org. Lett, Vol. 9, No. 19, 2007



of isovaleraldehydela to vinyl bis-phosphonat@a. The | NN
reaction was complete within 12 h at room temperature in tgpje 2. Scope of the Organocatalytic ACA of Aldehydes
the presence of 20 mol % of cataly®g in CHCI;, and the la—gto Vinylphosphonat8a?

adduct 6a was afforded in good vyield (80%) and with E\ Ph
excellent enantioselectivity (90% ee; Table 1, entry 10). A N OTMS

decrease in the enantiomeric excess (from 90 to 80% ee) © , P(O)(OEY) 49
was observed upon decreasing the temperature (Table 1, entry4 R, 2_Qomol%) . P(O)(OEt)
10 vs 11). Heating the reaction did not improve the R’ P(O)(OEY), CHC R'R? P(0)(OE),
enantiocontrol and decreased the yield (entry 12). Changing 29 3a 6a-g
CHCl; to a mixture of HO/EtOH (95:5) gave lower yield
and selectivity (Table 1, entry 10 vs 13). The catalyst loading aldehyde/
could be reduced to 10 mol % with still high level of entry product R, R? time(h) yield® (%)  ee (%)
enantioselectivity (Table 1, entry 14). 1 1a/6a i-Pr, H 12 80 90 (S) (+)
With the optimized conditions in hand (Table 1, entry 10), 2 1b/6b  t-Bu, H 12 85 97 (+)
the generality of the reaction for different aldehydes was 3 lc/ée  n-Pr,H 12 75 86 (+)
demonstrated, with the results summarized in Table 2. 4 1d/éd  Bn, H 12 81 857 (1)
) o ) 5 le/6e Me, H 8 75 75 (+)
Extensive variation in steric demands of the aldehyde ¢ 1f/6f allyl, H 12 65 46 (+)

substituent can be realized, afforditrggem-phosphonate 7 1g/6g  Me, Me 24 80
aldehydessa—e in good yields (75-85%) and with high a Performed withla—g (3.33 mmol),3a (0.333 mmol), andig (0.066
enantioselectivities (75—97% ee; Table 2 entried)L The mmol). ® Isolated yields after purification by column chromatography.
more hindered the aldehyde, the better was the stereloinducgggai;g‘g;%d,\%zi':‘n'\gmﬁ[‘l'g_'gi"’;fh‘gﬁ;?;fyf‘e”nde%?:nq;’;:sgg"S‘ Michae!
tion. The best asymmetric outcome was attained using thed ee was confirmed by chiral SFEPerformed with pyrrolidinela (0.066
bulkier 3,3-dimethylbutyraldehydkb (Table 2, entry 2). Not ~ mmol).

only branched aldehydes (Table 2, entries 1 and 2) but also
linear aldehydes, such as valeraldehyldeand propional-
dehydele can also be employed to reach good ee values
(Table 2, entries 3 and 5). Interestingly, the benzyl moiety
can be introduced with good level of stereocontrol (Table 2,

entry 4). Unfortunately, p_ent—4—en&f, b_earing a term_inal active groups in the Michael adducéa—f, their optical
double bond, gave the Michael addéttin moderate yield purity could not be evaluated by usual chiral separative

and Wit_h low e.nant.iomeric excess, but it should be noted techniques. To overcome this problem, the compounds were
that this reaction is unprecedented (Table 2, entry 6). conyerted into diastereomeric imidazolidiBeand 9 with

Delightfully, the challenging formation of quaternary carbon N,N-dimethyl-(1R,2R)-diphenylethylenediamif¢Scheme
1).Y The use of R,R)-diamine7 for the derivatization of

center was achieved in good yield using isobutyraldehyde
1gas nucleophile and pyrrolidinga as organocatalyst (Table
2, entry 7).

In view of the high molecular weight and the non-UV

(15) For selected articles on enamine-catalyzed ACA of aldehydes and
ketones to nitroolefins, see: (a) Martin, H. J.; List, 8/mnlett2003, 1901.

(b) Ishi, T Fujioka, $.: Sekiguchi, Y.: Kotsuki, . m. Chem. Soc. | R EEEEEE
2004, 126, 9558. (c) Mitchell, C. T.; Cobb, A. J. A.; Ley, S. Bynlett - - .
2005 611 and cited references therein. (d) Hayashi, Y.; Gotoh, H.; Hayashi, Scheme 1 Determlnatlo? of the Epantlomerllc Excess of the
T.; Shoji, M. Angew. Chem., Int. ER005, 44, 4212. (e) Terakado, D.; Michael Adduct6 by *H NMR via Derivatization of
Takano, M.; Oriyama, TChem. Lett2005,34, 962. (f) Palomo, C.; Vera, Imidazolidines8 and 9
S.; Mielgo, A.; Gbmez-Bengoa, Bngew. Chem., Int. EQ006,45, 5984. o Ph Ph
(g9) Mase, N.; Watanabe, K.; Yoda, H.; Takabe, K.; Tanaka, F.; Barbas, C. (R)/. ((R) ELO, MS 4 A
—_—
HN NH rt, overnight
A quant

F., lll. 3. Am. Chem. So€006,128, 4966 and cited references therein. (h) H)H/\/HO)(OEOZ
Pansare, S. V.; Pandya, K. Am. Chem. SoQ006,128, 9624. (i) Wang, R P(OYOEt

J.; Li, H.; Lou, B.; Zu, L.; Guo, H.; Wang, WChem. Eur. J20086,12, (O)OEt),

4321 and cited references therein. (j) Luo, S.; Mi, X.; Zhang, L.; Liu, S; 6 7
Xiu, H.; Cheng, J.-PAngew. Chem., Int. E@006,45, 3093. (k) Zhu, M.- Ph q Ph ®)
K.; Cun, L.-F.; Mi, A.-Q.; Jiang, Y.-Z.; Gong, L.-ZTetrahedron: N/ N/
Asymmetn2006,17, 491. (I) Xu, Y.; Zou, W.; Sundén, H.; lbrahem, |; Ph Pht

Cérdova, A.Adv. Synth. Catal2006,348, 418. (m) Huang, H.; Jacobsen, (R P(OXOEY), ;. ® N)\/\(HO)(OEQZ
E. N.J. Am. Chem. So2006,128, 7170 and cited references therein. (n) ! i =

Yalalov, D. A.: Tsogoeva, S. B.; Schmatz,&lv. Synth. Catal2006 348, R P(O)OEt), R P(O)OEY),
826. (0) Cao, C.-L.; Ye, M.-C.; Sun, X.-L.; Tang, Qrg. Lett.2006,8, 8 9

2901. (p) Enders, D.; Hiittl, M. R. M.; Grondal, C.; RaabeNature2006

441, 861 and cited references therein. (q) Reyes, E.; Vicario, J. L.; Badia,
D.; Carrillo, L. Org. Lett.2006,8, 6135. (r) Barros, M.-T.; Phillips, A. M.

F. Eur. J. Org. Chem2007, 178. (s) McCooey, S. H.; Connon, SQig. chiral aldehyde§a—f provides'H and3P NMR spectra with

Lett. 2007,9, 599. (t) Vishnumaya, Singh, V. KOrg. Lett.2007,9, 1117. . . . L. .
(u) Liu, K.: Cui, H(p) Nie, J.: D}éng, K_g_lyl; Li, x.-%.; Ma, J.-AOrg. Lett. different signals for each diastereomeric imidazolidrend

2007,9, 923. (v) Clarke, M. L.; Fuentes, J. Angew. Chem., Int. Ed 9.18.19 Moreover, the enantiomeric excess of the Michael

2007,46, 930. ; ; ; ;

(16) For selected articles, see: (a) Franzen, J.; Marigo, M.; Fielenbach, adductéd with a phenyl moiety was confirmed by chiral
D.; Wabnitz, T. C.; Kjeersgaard, A.; Jgrgensen, K.JAAm. Chem. Soc.
2005,127, 18296. (b) Marigo, M.; Bertelsen, S.; Landa, A.; Jgrgensen, K. (17) Alexakis, A.; Aujard, |.; Kanger, T.; Mangeney, ®rg. Synth1999,
A. J. Am. Chem. So@006,128, 5475 and references therein. 76, 23.
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SFC, proving the efficiency of the NMR determination of
the enantiomeric purity.

The determination of the absolute configuratfdiC al-
lowed us to postulate a Michael acceptor attack from the
Si-face of thee-enamine in accordance with previous studies
(Figure 1)'%2 Indeed, the selectivity of the organocatalytic

Figure 1. Proposed transition state.

ACA could be explained by an acyclic synclinal transition
state based on Seebach’s métiel which there could be
favorable electrostatic interactions between the nitrogen of
the enamine and the phosphonate moiety. The bulky aryl
and silyl groups would promote the selective formation of
the E-enamine and selective shielding of Re-face.

To illustrate the synthetic utility of this methodology, the
enantioenrichegt-gem-phosphonate aldehy@awas easily
converted intg3-substituted vinyl phosphonaidawith no
loss of enantioselectivity (Scheme 2). Reduction of com-
pound 6a with NaBH, and subsequent protection of the
primary alcohol with TBDMS group afforded the corre-
spondingy-gem-phosphonate-protected alcoh@&in high
overall yield (84%). Then, the HEW reaction with aqueous
formaldehyde using 50% aqueous NaOH solufigmovided

(18) For previous use of (R,R)-diamifidor determining enantiomeric
purity of chiral aldehydes via chiral imidazolidine, see: (a) Mangeney, P.;
Alexakis, A.; Normant, J. FJ. Org. Chem1989,54, 2420. (b) Mangeney,

P.; Alexakis, A.; Normant, J. FTetrahedron Lett1988,29, 2677.

(19) An excess of (R,R)-diamirfewas used to avoid kinetic resolution.
Several sets of signals for diastereomeric imidazolidine mix8iasad 9
were detected bjH NMR and mostly by?’P NMR analysis with significant
differences in chemical shifts; see the Supporting Information.

(20)H NMR spectrum of diastereomeric imidazolidines derived from
(9-bis((phenylsulfonyl)ethyl)-3-methylbutanal and diamihghows a major
deshielded signal and a minor shielded one for the same benzylic proton.
Consequently, we ascribed thg absolute configuration to the-)-Michael
adduct6a and the same configuration was assumed for the other products
6b—f; see the Supporting Information.

(21) Seebach, D.; Golinski, Hely. Chim. Actal981,64, 1413.

(22) Loreto, M. A.; Pompili, C.; Tardella, P. Aletrahedron2001,57,
4423.
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Scheme 2. Functionalization of Michael Addudia: A New
Route to EnantioenricheftSubstituted Vinyl Phosphonatela
1) NaBH,, MeOH
0°C,1h
80%
2) TBDMSCI, imid.
DMF, 0 °Ctort,

overnight
%

OTBDMS

(0]
P(O)(OEt), P(O)(OEt),

H
P(O)(OEt),

6a
90% ee

P(OXOEt),
10a

ozonolysis

OTBDMS
P(O)(OEY),

HCHO
(40% aq)

NaOH (50% aq)

CH;Cly, 1t, conjugate addition
overnight | f LT -
81% 11a
90% ee methyl ketone
° transformation
‘‘‘‘‘‘‘ -

the enantioenrichef-substituted vinyl phosphonafelain
high yield (81%) with retention of the enantiomeric excess
(90% eef® This new versatile building block could be
involved in a variety of synthetic transformations such as
ozonolysis, cycloaddition, conjugate addition, methyl ketone
formationi0.24

In conclusion, we have disclosed the first enantioselective
organocatalytic conjugate addition of aldehydes to vinyl
phosphonates in good yields and with high enantioselectivity.
To generate some reactivity of this pyrrolidine-type catalysis,
the presence of geminal-bis-electron-withdrawing groups on
the Michael acceptor was demonstrated to be necessary. We
have also updated the use of chiral diamine auxiliaries for
determining the enantiomeric purity of chiral aldehydes via
diastereomeric imidazolidines. The optically actix@em-
phosphonate aldehydes are useful tunable chiral synthons as
exemplified by the synthesis ¢i-substituted vinyl phos-
phonate with no loss of enantioselectivity.
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(23) The optical purity of enantioenrich@dsubstituted vinyl phosphonate
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