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Heteroatom-stabilized anions are among the synthetic chemists' 
most versatile reagents for carbon-carbon bond formation.1 Yet, 
they are also among the most poorly understood. This discrepancy 
between utility and knowledge has stimulated investigations into 
the fundamental aspects of carbanion structure and reactivity.le>2 

We are involved in a program on the development of stereoselective 
carbon-carbon bond forming reactions using auxiliary-based, chiral 
phosphorus-stabilized anions.3 A significant portion of this 
program is aimed at elucidating the structure of and bonding in 
such species to allow for rational design of chiral auxiliaries. We 
report herein the results of solution NMR4 and X-ray crystallo-
graphic analysis of lithiated phosphonyl derivatives. 

H-7TN- /V 

The substrates examined are the 2-benzyl-2-oxo-l,3,2-dioxa-
phosphorinane (1) and 2-benzyl-2-oxo-l,3,2-diazaphosphorinane 
(2). 1H, 13C, and 31P NMR spectra of the neutral materials and 
their derived lithio anions5 (Li+I", Li+2") were recorded at tem­
peratures between 20 and -90 0C in THF-^8.

6 A summary of 
the relevant spectroscopic data is collected in Table I. The 
conformational analysis of 1 and related compounds has been well 
studied.7 The ring is conformationally mobile and the equilibrium 

(1) Reviews: (a) Biellmann, J.-F.; Ducep, J.-P. Org. React. 1982, 27, 1. 
(b) Hoppe, D. Angew. Chem., Int. Ed. Engl. 1984, 23, 932. (c) Werstiuk, 
N. H. Tetrahedron 1983, 39, 205. (d) Ahlbrecht, H. Chimia 1977, 31, 391. 
(e) Oae, S.; Uchida, Y. In TAe Chemistry of Sulfones and Sulfoxides; 
Sterling, C. J. M., Patai, S., Rappoport, Z., Eds.; Wiley-Interscience: New 
York, 1988; Chapter 12. (f) Magnus, P. D. Tetrahedron 1977,33, 2019. (g) 
Solladie, G. Chimia 1984,38, 233. (h) Solladie, G. Synthesis 1981, 185. (i) 
Krief, A. Tetrahedron 1980, 36,2531. (j) Evans, D. A.; Andrews, G. C. Ace. 
Chem. Res. 1974, 7, 147. (k) Beak, P.; Reitz, D. B. Chem. Rev. 1978, 78, 
275. 

(2) Review: (a) Boche, G. Angew. Chem., Int. Ed. Engl. 1989, 28, 211. 
See also: (b) Chassaing, G.; Marquet, A.; Corset, J.; Froment, F. J. Orga-
nomet. Chem. 1982, 232, 293 and references cited therein, (c) Trost, B. M.; 
Schmuff, N. R. / . Am. Chem. Soc. 1985,107, 396. (d) Corset, J. Pure Appl. 
Chem. 1986,5«, 1133. 

(3) (a) Denmark, S. E.; Marlin, J. E. J. Org. Chem. 1987, 52, 5742. (b) 
Denmark, S. E.; Rajendra, G.; Marlin, J. E. Tetrahedron Lett. 1989, 30,2469. 
(c) Denmark, S. E.; Dorow, R. L. J. Org. Chem. 1989, 54, 3. (d) Denmark, 
S. E.; Cramer, C. J. J. Org. Chem., in press. 

(4) Previous NMR studies on P-stabilized anions: (a) Bottin-Strzalko, T.; 
Seyden-Penne, J.; Pouet, M.-J.; Simmonin, M.-P. J. Org. Chem. 1978, 43, 
4346. (b) Bottin-Strzalko, T.; Corset, J.; Froment, F.; Pouet, M.-J.; Sey­
den-Penne, J.; Simonnin, M.-P. Ibid. 1980, 45, 1270. (c) Bottin-Strzalko, T.; 
Seyden-Penne, J.; Breuer, E.; Pouet, M.-J.; Simonnin, M.-P. J. Chem. Soc, 
Perkin Trans. 2 1985, 1801. (d) Bottin-Strzalko, T.; Seyden-Penne, J.; Pouet, 
M.-J.; Simonnin, M.-P. Org. Magn. Reson. 1982,19, 69. (e) Bottin-Strzalko, 
T.; Etemad-Moghadam, G.; Seyden-Penne, J.; Pouet, M.-J.; Simonnin, M.-P. 
Nouu. J. CMm. 1983, 7, 155. (0 Bottin-Strzalko, T.; Corset, J.; Froment, F.; 
Pouet, M.-J.; Seyden-Penne, J.; Simonnin, M.-P. Phosphorus and Sulfur 
1985, 22, 217. (g) Teulade, M.-P.; Savignac, P.; About-Jaudet, E.; Collignon, 
N. Ibid. 1988, 40, 105. 

(5) Generated with either 10 M n-BuLi or 1.5 M J-BuLi. Final concen­
trations 0.1-0.14 M. 

(6) Spectra were recorded at 500 MHz (1H), 125.8 MHz (13C), and 121.4 
MHz (3'P) with calibrated probes. 
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Figure 1." 1H NMR spectra (500 MHz) of 1 (A) and Li+I" (B) in 
THF-4, at -86 0C. 
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Figure 2. 1H NMR spectra (500 MHz) of 2 (A) and Li+2" (B) in 
THF-rf8 at -76 0C. 
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composition of the two chair forms (a and /3, Scheme I) is de­
pendent on temperature,76 solvent,7* and additives.7'** At 20 0C 
in THF the a-form is preferred (57/43)8 while at -76 0C the 
/3-form is preferred (70/30).9 This switch is consistent with 
increased stabilization of the more polar conformer (#)10 as the 

(7) (a) Maryanoff, B. E.; Hutchins, R. O.; Maryanoff, C. A. Top. Ste-
reochem. 1980, 11, 187. (b) Bentrude, W. G.; Setzer, W. N. In Phospho-
rus-31 NMR Spectroscopy in Stereochemical Analysis; Verkade, J. G., Quin, 
L. D„ Eds.; VCH: Deerfield Beach, 1987; Chapter 11. (c) Bartle, K. D.; 
Edmundson, R. S.; Jones, D. W. Tetrahedron 1967, 23, 1701. (d) Ed-
mundson, R. S.; Mitchell, E. W. J. Chem. Soc. C1968,2091. (e) Edmundson, 
R. S.; Mitchell, E. W. Ibid. 1970, 752. (0 Katritzky, A. R.; Nesbit, M. R.; 
Michalski, J.; Tulimowski, Z.; Zwierzak, A. / . Chem. Soc. B 1970, 140. (g) 
White, D. W.; McEwen, G. K.; Bertrand, R. D.; Verkade, J. G. Ibid. 1971, 
1454. (h) Majoral, J.-P.; Pujol, R.; Navech, J. Compt. Rend. Acad. Sci., Ser. 
C1972, 213. (i) Majoral, J. P.; Berghounhou, C; Navech, J.; Maria, P. C; 
Elegant, L.; Azzaro, M. Bull. Soc. Chim. Fr. 1973, 3142. (j) Finocchiaro, 
P.; Recca, A.; Bentrude, W. G.; Tan, H.-W.; Yee, K. C. J. Am. Chem. Soc. 
1976, 98, 3537. 

(8) Assignment of conformation by IR (KI^-O 1260 cm"')- Majoral, J.-P.; 
Bergounhou, C; Navech, J. Bull. Soc. Chim. Fr. 1973, 3146. 

(9) This is in good agreement with the estimates of Edmundson7e and 
Katritzky.7f 
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Table I. Selected NMR Data for Li+I" and Li+2-J 

species H(l') 
Li+I" -1.13 
Li+2" -1.30 

AS 1H (ppm)* 

H„ (4) 
-0.17 
0.14 

"para 

-1.23 
-1.26 

AS 13C (ppm)c 

C(l') C ^ 
3.79 -15.45 
4.58 -16.35 

AS 31P (ppm)'' 
18.2 
18.4 

J C(I ')H 

18.2 
21.3 

AT(Hz) 

J pc 
96.4 

105.7 

•JpHOO 

-2.3 
-3.2 

a AS = (S anion) - (S neutral), positive numbers are downfield shifts. 4500 MHz, -86 0 C (Li+I"); -76 0 C (Li+2_); THF-^8. 
THF-^8. '121.4 MHz, -72 0C; 1:1 THF/THF-</8. 

Table II. Selected Bond Lengths (A) and Angles (deg) for 
(Li+2--2THF]2 

125.8MHz, 2O0C; 

C( l ' ) -P 
C(l ')-C(2') 
P-O(I) 

1.689 
1.433 
1.516 

P-N(I) 
P-N(2) 

1.681 
1.675 

0( I ) -Li 1.912 
0(2)-Li 1.981 
0(3)-Li 1.969 

P-C(I')-C(2') 
C(IO-P-O(I) 
P-O(I)-Li 

130.7 
112.8 
140.2 

N(I)-P-O(I) 
N(2) -P-0( l ) 
N(l) -P-N(2) 

105.6 
112.3 
101.1 

dielectric constant of the solvent increases with decreasing tem­
perature." 

Formation of the anion is accompanied by dramatic upfield 
shifts of all aromatic protons, the ortho and para carbons, and 
the benzylic (carbanionic) proton (Figure 1). The ortho protons 
are highly anisochronous at -86 0C due to slow rotation about 
C(l')-C(2'). However, we were unable to detect conformational 
isomerism about the P-C(I') bond; only one benzylic proton was 
detected at all temperatures. Li+I" behaves analogously to 1 in 
the ring conformational inversion upon lowering temperature. In 
Li+I- the a conformer is more strongly favored (65/35, 20 0C) 
due to the increased basicity of the phosphonyl oxygen.7J The 
increase in ]JQ(V)H

 a n^ '^pc uPo n deprotonation is characteristic 
for the change in hybridization from sp3 to sp2.12 Finally, the 
downfield shift of the 31P resonance is indicative of the polarization 
of the phosphonyl group to stabilize the anion.3d'13 

Ring conformational analysis of the diaza analogue 2 is com­
plicated by the coupling due to H-C(5) and the flattening of the 
phosphonamide moiety.14 Nevertheless, only chair-chair equi­
libria are expected.140 No conformational inversion is seen upon 
lowering the temperature. Changes reminicent of those in 1 were 
observed upon anion formation (Table I). The upfield shifts of 
the para proton and carbon are larger, indicative of greater charge 
displacement toward the benzene ring. The most striking aspect 
of the anion spectrum (Figure 2) is the persistence of a single 
(31 P-coupled) methyl resonance down to -76 0C. Thus, the 
symmetry of the molecule is maintained, suggesting either a low 
rotational barrier about P-C(I') or a high barrier in an anacomeric 
C1 symmetrical anion. A small barrier is expected by analogy 
to P-ylides15 and from theoretical considerations.16 On the other 
hand, HC(I') and Hortho are not broadened. Resolution of this 
question will require a symmetrically substituted anion. The 
aggregation state of the anions in solution is uncertain. However, 
we have demonstrated that the anions do form mixed aggregates 
with both educts as well as with n- or 5-BuLi (see arrowheads, 
Figure 2). 

(10) (a) Arbuzov, B. A.; Arshinova, R. P.; Zoroastrova, V. A. DoM. Akad. 
Nauk SSSR (Engl. Transl.) 1971, 199, 662. (b) Mosbo, J. A.; Verkade, J. 
G. J. Org. Chem. 1977, 42, 1549. 

(11) Carvajal, C ; Tdlle, K. J.; Smid, J.; Szwarc, M. J. Am. Chem. Soc. 
1965, 87, 5548. 

(12) (a) Albright, T. A. Org. Magn. Reson. 1976,8,489. (b) Duangthai, 
S.; Webb, G. A. Ibid. 1983, 21, 125. (c) Webb, G. A.; Simonnin, M.-P.; 
Seyden-Penne, J.; Bottin-Strzalko, T. Magn. Reson. Chem. 1985, 23, 48. 

(13) Bernardi, F.; Schlegel, H. B.; Whangbo, M.-H.; Wolfe, S. J. Am. 
Chem. Soc. 1977, 99, 5633. 

(14) (a) Mosbo, J. A. Tetrahedron Lett. 1976, 4789. (b) Hutchins, R. O.; 
Maryanoff, B. E.; Albrand, J. P.; Cogne, A.; Gagnaire, D.; Robert, J. B. / . 
Am. Chem. Soc. 1972, 94, 9151. (c) Kraemer, R.; Navech, J. Bull. Soc. 
Chim. Fr. 1971, 3580. 

(15) Albright, T. A.; Gordon, M. D.; Freeman, W. J.; Schweizer, E. E. J. 
Am. Chem. Soc. 1976, 98, 6249. 

(16) (a) Mitchell, D. J.; Wolfe, S.; Schlegel, H. B. Can. J. Chem. 1981, 
59, 3280. (b) Eades, R. A.; Gassman, P. G.; Dixon, D. A. J. Am. Chem. Soc. 
1981, 103, 1066. (c) Lischka, H. Ibid. 1977, 99, 353. (d) Reed, A. E.; 
Schleyer, P. v. R. Ibid. 1987, 109, 7362. (e) Schleyer, P. v. R.; Kos, A. J. 
Tetrahedron 1983, 39, 1141. 

Figure 3. Monomeric unit of [Li+2--2THF]2 from X-ray crystallographic 
analysis. 

We have successfully crystallized Li+2~ from THF solution and 
determined its structure by X-ray crystallography (Figure 3).17 

Selected bond lengths and angles are collected in Table II. The 
anion crystallizes as a centrosymmetric dimer defining a planar 
Li-O-Li-O rhombus with two THF molecules ligated to each 
Li atom. The Li-C(I') distance (3.88 A) is greater than the sum 
of van der Waals radii as is also the case in a lithio sulfoxide18* 
and in lithio sulfones.18b'c The carbanionic carbon is planar and 
at nearly a 0° angle to the P=O to maximize p-type interaction. 
There is a considerable shortening of the P-C(I') bond (0.11 A) 
and a lesser lengthening of the P-O (0.04 A) and P-N (0.02 A) 
bonds compared to average literature values for neutral phos-
phonamides.19 Perhaps the most remarkable feature of the anion 

(17) The only other X-ray structure analyses of phosphorus-stabilized 
anions are chelated magnesium and copper keto phosphonates. (a) Weiss, E.; 
Kopf, J.; Gardein, T.; Corbellin, S.; Schumann, U.; Kirilov, M.; Petrov, G. 
Chem. Ber. 1985, 118, 3529. (b) Macicek, J.; Angelova, O.; Petrov, G.; 
Kirilov, M. Acta Crystallogr., Sect. C 1988, 44, 626. 

(18) (a) Marsch, M.; Massa, W.; Harms, K.; Baum, G.; Boche, G. Angew. 
Chem., Int. Ed. Engl. 1986, 25, 1011. (b) Boche, G.; Marsch, M.; Harms, 
K.; Sheldrick, G. M. Ibid. 1985, 24, 573. (c) Gais, H.-J.; Lindner, H.-J.; 
Vollhardt, J. Ibid. 1985, 24, 859. 

(19) Average P-C (1.80 A), P-O (1.48 A), and P-N (1.66 A) bond 
lengths from ten X-ray crystal structures of phosphonamides found in the 
Cambridge Crystallographic Data Base, (a) Belanger-Gariepy, F.; Delorme, 
D.; Hanessian, S.; Brisse, F. Acta Crystallogr., Sect. C 1986, 42, 856. (b) 
Yusupov, M. M.; Egamberdyev, Sh.; Makhmudov, M. K.; Tashkhodzhave, 
B. J. Org. Chem. USSR 1984, 54, 2417. (c) Miller, P. T.; Lenhert, P. G.; 
Joesten, M. D. Inorg. Chem. 1972, / / , 2221. (d) Born, V. L. Acta Crys­
tallogr., Sect. B 1969, 25, 1460. (e) Kleeman, S.; Fluck, E.; Riffel, H.; Hess, 
H. Phosphorus and Sulfur 1983, 17, 245. (T) Keller, H.; Maas, G.; Regitz, 
M. Tetrahedron Lett. 1986, 27, 1903. (g) Caria, M. R.; Nassimbeni, L. R. 
Inorg. Nucl. Chem. 1977,39,455. (h) Day, R. O.; Schmidpeter, A.; Holmes, 
R. R. Inorg. Chem. 1983, 22, 3696. (i) Litvinov, I. A.; Struchkov, Yu. T.; 
Dianova, E. N.; Arbuzov, B. A. Bull. Acad. Sci. USSR, Ser. Chem. 1982, 
2723. 
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is the pyramidality of the nitrogens,20 clearly disposing the methyl 
groups to axial and equatorial positions. We assume the nitrogens 
are more nearly trigonal in 2 by analogy to most phosphon-
amides,19 phosphoramides, and 2-oxo-l,3,2-oxazaphosphorinanes 
unconstrained by small rings.21 

These structural insights are valuable for the understanding 
of bonding in these systems and for the rational design of chiral 
adjuvants. Further studies on the structure and reactivity of 
P-stabilized anions are in progress. 
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Supplementary Material Available: A listing of crystal and 
positional parameters, bond lengths, bond angles, and torsional 
angles for [Li+2~-2THF]2 (24 pages). Ordering information is 
given on any current masthead page. 

(20) Sum of the angles: N(I) 346.2°; N(2) 346.4°. 
(21) (a) Garcia-Blanco, S.; Perales, A. Acta Crystallogr., Sect. B 1972, 

28, 2647. (b) Brassfield, H. A.; Jacobson, R. A.; Verkade, J. G. / . Am. Chem. 
Soc. 1975, 97, 4143. (c) Goodridge, R. J.; Hambley, T. W.; Ridley, D. D. 
Ausl. J. Chem. 1986, 39, 591. (d) Perales, A.; Garcia-Blanco, S. Acta 
Crystallogr., Sect. B 1977, 33, 1935. (e) Bentrude, W. G.; Setzer, W. N.; 
Sopchik, A. E.; Chandrasekaran, S.; Ashby, M. T. J. Am. Chem. Soc. 1988, 
110,7119. (f) Denmark, S. E.; Dorow, R. L.; Marlin, J. E. Unpublished X-ray 
crystal structure analyses. 

Diastereoselective Aldol Reactions Using (8-Keto Imide 
Derived Enolates. A Versatile Approach to the 
Assemblage of Polypropionate Systems 

David A. Evans,* J. Stephen Clark, Rainer Metternich, 
Vance J. Novack, and George S. Sheppard 

Department of Chemistry, Harvard University 
Cambridge, Massachusetts 02138 

Received October 2, 1989 

We have recently described complementary methods for the 
synthesis of /3-keto imides such as 1 wherein full control of the 
potentially labile C2 methyl-bearing stereocenter can be main­
tained.1 The surprising attenuation of the kinetic lability of these 
substrates has been attributed to the intervention of local non-
bonding interactions of the A(1,3) type2 which inhibit the ster-
eoelectronically required alignment of both carbonyls with the 
C2 hydrogen. We now describe the unprecedented enolization 
of this substrate and the diastereoselective aldol reactions of the 
derived Sn(II) and Ti(IV) enolates which provide access to the 
complementary diastereomeric |S-keto imide adducts 2 and 3 
(Scheme I). 

Efforts to effect the regioselective enolization of 1 toward the 
less substituted ethyl substituent initially focused on the use of 
Lewis acids in conjunction with tertiary amine bases. After an 
examination of a number of Lewis acids, it was observed that the 
Mukaiyama protocol employing Sn(OTO2

3 with triethylamine 

(1) (a) Evans, D. A. Aldrichimica Acta 1982, 15, 23-32. These results 
were previewed in this review (see Scheme XVI). (b) Evans, D. A.; Ennis, 
M. D.; Le, T.; Mandel, N.; Mandel, G. J. Am. Chem. Soc. 1984, 106, 
1154-1156. Related observations have also been made with our carboximide 
enolates: (c) DiPardo, R. M.; Bock, M. G. Tetrahedron Lett. 1983, 24, 
4805-4808. 

(2) Johnson, F. Chem. Rev. 1968, 68, 375-413. 
(3) Mukaiyama, T.; Iwasawa, N.; Stevens, R. W.; Haga, T. Tetrahedron 

1984, 40, 1381-1390. For a detailed procedure for the synthesis of stannous 
triflate, see: Evans, D. A.; Weber, A. E. J. Am. Chem. Soc. 1986, 108, 
6757-6761. It is imperative that the reagent must be free of triflic acid, which 
may be effected by carefully washing the salt with anhydrous ether. 

Scheme I 
O O OH 

Sn(OTf) 

Et; ?-w 
O O O 

TiCl4 

/-Pr2NEt 

Me Me 

2 

O O OH 

.AAA. 
Me Me 

3 

Table I. Aldol Reactions of 1 with Representative Aldehydes 
(Scheme I) 

enolizatn 
conditns RCHO0 

yield,' 
ratio' 2:3 

Sn(OTQ2, Et3N 

TiCl4, JPr2NEt 

Sn(OTf)2, Et3N 

TiCl4, iPr2NEt 

Sn(OTQ2, Et3N 
TiCl4, iPr2NEt 

Sn(OTO2. Et3N 

TiCl4, 1Pr2NEt 

Me CHO 

Me 

Me CHO 

if 
CH2 

Me^CHO 

CT 

83 

86 

nd 

64' 
71 

86 

85 

81 

95:5 

<1:99 

95:5'* 

2:98' 

79:21 
<1:99 

89:11 

4:96 

"Unless noted, 1-1.1 equiv of aldehyde was employed in the reac­
tion. 'Isolated yield of major diastereomer of >99% purity. 'Ratios 
determined by HPLC. 'Yield obtained by using 3-5 equiv of RCHO. 

(CH2Cl2 , -20 0 C , 1 h) provided a stereochemically homogeneous 
Z enolate which could be trapped by chlorotrimethylsilane.4 This 
and related proton quenching experiments established that there 
is no detectable loss of stereochemistry at C2 under these enoli­
zation conditions. The resultant aldol addition reactions of this 
enolate proceeded in good yields (71-86%) and stereoselectivities 
to give the aldol adducts 2 possessing the anti relationship between 
the C2 and C4 methyl groups (Scheme I, Table I).5 The ste­
reochemical assignments of the aldol adducts 2 and 3 were es­
tablished by independent unambiguous synthesis. These assign­
ments were confirmed by stereoselective ketone reduction (vide 
infra) and 5-lactonization to provide substrates from which the 
four stereocenters could be correlated by 1H NMR spectroscopy. 

In order to amplify the utility of 1 as a dipropionate synthon, 
we sought to discover other types of metal enolates that might 
proceed via the complementary aldol reaction to deliver the all-syn 
aldol diastereomer 3.6 This objective was realized when it was 

(4) The assignment of the Z stereochemistry of this enol ether was made 
through an unambiguous 1H NMR NOE study. 

(5) General stannous triflate mediated aldol procedure: A magnetically 
stirred suspension of anhydrous, acid-free Sn(OTQ2 (105 equiv, ca. 0.25 M 
in CH2Cl2, +25 °C) is treated with triethylamine (1.05 equiv) and then 
immediately cooled to -20 0C. (Note: the addition of base sometimes causes 
the initially white suspension to turn pale yellow.) After 5 min, a solution of 
the /3-keto imide (1.00 equiv, 0.35-0.75 M in CH2Cl2) is added dropwise over 
a 5-min period. The resultant suspension is stirred for 1 h and then cooled 
to -78 °C prior to treatment with freshly distilled aldehyde (1.00 equiv, neat 
or in CH2Cl2). The reaction mixture is stirred at -78 °C for 30 min and then 
transferred rapidly by cannula to a cool and vigorously stirred 1:1 mixture of 
CH2C12/1 N aqueous NaHSO4 (ca. 130 mL/1 mmol of/3-keto imide). After 
5-10 min of vigorous stirring at 0 0C, the mixture is diluted with additional 
1:1 CH2Cl2/1 N aqueous NaHSO4, and the aqueous layer is extracted several 
times with CH2Cl2. The combined organic layers are washed with aqueous 
NaHCO3, dried over Na2SO4, and concentrated in vacuo. The product is 
purified by flash chromatography and/or recrystallization. 
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