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611 (100). 
S e c o - C z B I - ~  (39). A mixture of crude 28 freshly prepared from 

25 (8.0 mg, 21 pmol), EDCI (12 mg, 63 pmol, 3 equiv), and 32'' (8.6 
mg, 27 pmol, 1.3 equiv) in DMF (0.43 mL) was stirred under Ar at 23 
OC for 14 h. Flash chromatography (0.5 X 5 cm SO2, 0-10046 DMF- 
EtOAc gradient elution) afforded 39 (8.1 mg, 68%) as a yellow solid mp 

(b s, 1 H, NH), 8.73 (b s, 1 H, NH), 7.69 (s, 1 H), 7.59 (d, 1 H, J = 
9 Hz, C6-H), 7.44 (d, 1 H, J = 9 Hz, C9-H), 7.26 (s, 1 H), 6.92 (m, 
5 H), 6.53 (m, 4 H), 6.37 (t, 1 H, J = 8 Hz), 4.16 (s, 2 H, C2-H2), 3.80 
(d, 2 H, J = 12 Hz, CH2Cl), 3.70 (d, 2 H, J = 12 Hz, CH2Cl); IR (solid 
film) Y,, 3242,2917, 1646,1644, 1592, 1558, 1542,1521,1396, 1313, 
1246, 1017,950,892 cm-I;  FABMS (NBA) m/e (relative intensity) 583 
(M + H+, 47), 416 (100); FABHRMS m/e 583.1344 (C32H24C12N403 
+ H+ requires 583.1304). 

C z B I - w  (40). A suspension of NaH (60%,0.24 mg, 10 pmol, 3 
equiv) in THF (0.25 mL) at 0 OC under Ar was treated with a solution 
of 39 (2 mg, 3.4 pmol) in DMF (0.25 mL) and stirred for 1 h at 0 OC. 
The solvent was removed in vacuo, and PCTLC (1 mm X 2 cm SOz, 
0-10046 EtOAc-hexane gradient elution) afforded 40 (0.9 mg, 47%, 
47-7596) as a yellow solid: mp >240 OC; 'H NMR (DMSO-$, 400 
MHz) b 11.69 (b s, 1 H, NH), 10.15 (b s, 1 H, NH), 10.05 (b s, 1 H, 

H, J = 8 Hz, C6-H), 7.66 (m, 2 H), 7.58 (d, 1 H, J = 8 Hz, C3'-H), 
7.45 (t, 2 H, J = 8 Hz), 7.36 (d, 1 H, J = 7 Hz), 7.35 (s, 1 H), 7.18 (t, 
1 H, J = 8 Hz), 7.05 (t, 1 H, J = 7 Hz), 7.03 (s, 1 H), 6.32 (d, 1 H, 
J = 9 Hz), 4.18 (d, 1 H, J = 12 Hz, CHHCl), 3.89 (m, 3 H, CHHCl 
and Cl-H2), 2.33 (d, 1 H, J = 4 Hz, C9-H), 2.25 (d, 1 H, J = 4 Hz, 
C9-H); IR (solid film) v,, 3268,2933, 1641, 1621, 1587, 1548, 1410, 
1312, 1244, 1145, 1012, 806, 747 cm-I; FABHRMS (NBA) m/e 
547.1060 (Cp2Hz3C1N403 + H+ requires 547.1537). 

A q m  Solvolytic Reactivity of N-BOC-CzBI (26) and C2BI (27). 
N-BOC-C2BI (26, 110 pg) was dissolved in CH30H (1.5 mL). The 
CH3OH solution was mixed with aqueous buffer (pH = 3,1.5 mL). The 
buffer contained 4:1:20 (v/v/v) of 0.1 M citric acid, 0.2 M Na2HP04, 
and H20, respectively. After mixing, the solvolysis solutions were stop- 
pered and kept at 22-23 OC in the dark. The UV spectrum of the 
solution was measured twice in the first day and then every 24 h for 2 
months. The UV monitoring was continued until no further change was 
detectable. The long-wavelength absorption at 314 nm and the short- 

>240 OC; 'H NMR (DMSGd6,W MHz) 6 10.22 (b S, 1 H, NH), 8.89 

NH), 8.28 (d, 1 H, J = 8 Hz, C5-H), 8.17 (s, 1 H, C1'-H), 7.79 (t, 1 

wavelength absorption at 256 nm were monitored. The solvolysis rates 
were calculated from the data taken at 256 nm from the least square 
treatment (r = 1.ooO) of the s l o p  of plots of time versus 1 - [(A - 
AYW)/(Afa - AfiW)]. For 26, k = (4.40 h 0.08) X lo-' s-l ( t l 12  = 
443 h). 

CzBI (27, 50 pg) was dissolved in CH30H (1.5 mL) and mixed with 
buffer (1.5 mL, pH = 3). The buffer contained 41:20 (v/v/v) of 0.1 M 
citric acid, 0.2 M Na2HP04, and H20, respectively. No significant 
change in the UV spectrum was detected when monitored over one week, 
A = 0.52. Monitoring of the solution every 24 h over 3.5 months and 
extrapolating to an approximate final 337-nm absorption of 0.183 per- 
mitted an estimation of the solvolysis rate for 27. Least squares treat- 
ment (r = 0.99) of the slopes of the plots of time versus 1 - [(A - 
Afim)/(Am - Ainim)] provided an estimate of k = (8.46 * 0.06) X 10-8 
s-' (tl12 = 2275 h, 95 days). 

Treatment of 23 with 3 M HCl-EtOAc. A solution of 23 (2 mg, 5.8 
pmol) in 3 M HC1-EtOAc (1 mL) was stirred for 1 h at 0 OC. The 
reaction mixture was concentrated under a stream of N2. Flash chro- 
matography (0.5 X 2 cm, 5% EtOAc-hexane) afforded 22 (1.9 mg, 2.2 
mg theoretical, 86%) as the only detectable reaction product as a white 
solid identical in all respects with authentic material. Similar results were 
obtained when the reaction was conducted at -78 OC. 

DNA Alkylntioa and Croac-Linkhg Studies. General procedures, the 
preparation of singly 5' end-labeled double-stranded DNA, the agent 
binding studies, gel electrophoresis, and autoradiography were conducted 
following procedures described in full detail e1~ewhere.l~~ The cross- 
linking reactions were conducted under identical conditions with the 
exception that the thermal cleavage step (30 min, 100 "C) was omitted. 
Psoralen (lO-I, and lo-' M) was run as a positive control with 
cross-linking induced by irradiation at 365 nm for 1 h. 
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Abstract: A new class of ligands for asymmetric transition metal catalysis based on 2-(dipheny1phosphino)benzoic acid was 
used in a mechanisticallydefmed palladium-catalyzed reaction in which enanticdiierentiation was the result of selective ionization 
of substrates derived from cis-2tycloallcene-l,4-diols. By making rational, stepwise changes in the ligand structure, the structural 
requirements for good asymmetric induction were probed. The absolute stereochemistry of the products was found to be related 
to the chirality of the ligand in a predictable fashion. A mnemonic is given which allows one to predict the mode of ionization 
(R or S) solely on the basis of the stereochemistry of the variable chiral linker used to make the ligand. 

Transition metal-catalyzed allylations have emerged as ex- 
tremely versatile and powerful reactions; unfortunately they have 
been intransigent in succumbing to efforts at  making them broadly 
applicable enantioselective The  source of the dif- 

ficulty lies in the spatial relationships of the bond breaking and 
making of the metal and its attendant ligands. Figure 1 shows 
the general mechanism for a palladium-catalyzed allylation re- 
action with a soft nucleophile. The basic catalytic cycle consists 
of metal-olefin complexation, ionization, alkylation, and de"- 

(1) For some elegant exceptions: (a) Mackenzie, P. B.; Whelan, J.; Bos- 
nich. B. J. Am. Chem. Soc. 1985,107,2046. (b) Auburn, P. R.; Mackcnzie, 
P. B.; Bosnich, B. J. Am. Chem. Soc. 1985,107,2033. 

(2) Trost, B. M.; Murphy, D. J. Organometallics 1985, 4, 1143. 
(3) Consiglio, G.; Waymouth, R. Chem. Rev. 1989, 89, 257. 
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Figure 1. Enantiodiscrimination at  various states of the catalytic cycle. 

plexation. In order to achieve asymmetric induction, the asym- 
metric environment of the ligands must be felt on the opposite 
face of the r-allyl unit where bond breaking and making are 
occurring. The distal nature of the ligands from the sites of bond 
changes (see Figure 1) differentiates allylic alkylation from the 
highly successful asymmetric transfer of oxygen and hydrogen:-* 
With the exception of decomplexation, each step in the catalytic 
cycle of allylic alkylation provides the opportunity for enantiod- 
iscrimination (Figure I).  It is often difficult to determine which 
of these steps makes the greatest contribution to the resulting 
enantioselectivity and even more difficult to determine the specific 
interactions which are responsible for selectivity at each step. 
Although asymmetric palladium catalysis has been the focus of 
many stochastic investigations, mast of these studies have utilized 
reactions which leave the origin of enantioselection as a matter 
of speculation at best.' 

Our development of a highly effective synthesis of oxazolidi- 
nones from vinyl epoxides via a palladium-catalyzed reaction 
provided a new venue for our continued interest in asymmetric 
transition metal The extension of this reaction to 
prochiral substrates (eq 1) provides a convenient system for the 

cat. Pdl, 

o<o-Q-.,o HNAr c 

ArNH 

0 4 0  + 0 - 0  

\Ao 
Ar (1) 

development and study of asymmetric ligands for transition metal 
catalysis.1o Our interest is heightened by our use of this meth- 

O+ 
Ar 

(4) Cf. Carlier, P. R.; Sharpless, K. B. J .  Org. Chem. 1989, 54, 4016. 
Bums, C. J.; Martin, C. A.; Sharpless, K. B. J .  Org. Chem. 1989.54.2826. 

(5) Cf. Jacobsen. E. N.; Zhang, W.; Muci, A. R.; Ecker, J .  R.; Deng, L. 
J.  Am. Chem. Soc. 1991, 113. 7063. 

(6) Cf. Sharpless, K. B.; Amberg, W.; Beller, M.; Chen. H.; Hartung. J.; 
Kawanami, Y.;  Liibben, D.; Manoury, E.; Ogino, Y.; Shibata, T.; Ukita, T. 
J .  Org. Chem. 1990.56.4585. 

(7)  For some reviews, set: Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 
23, 345. Kagan, H. N. In Asymmerric Synrhesis; Momson, J. D., Ed.; 
Academic Press: New York. 1985; Vol. 5, Chapter 1. Koenig, K. E. fbid., 
Chapter 3. Knowles, W. S. Acc. Chem. Res. 1983, 16, 106. 

(8)  For a new class of highly interesting bis-phosphines, see: Burk, M. J. 
J .  Am. Chem. Soc. 1991, 113,8518. 

(9) (a) Trost, B. M.; Sudhakar, A. 1. Am. Chem. Soc. 19%7,109,3792. 
(b) Trost, B. M.; Sudhakar, A. J .  Am. Chem. Soc. 1!M, 110.7933. 

(10) Hayashi. T.; Yamamoto, A.; Ito, Y .  Tetrahedron I r r r .  19R11,29,9!3. 
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Scheme 1. Oxazolidin-2-ones as Intermediates toward Glycosidase 
Inhibitors 
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odology to develop a flexible strategy toward glycosidase inhibitors 
containing cis hydroxy amino functionality on fivemembered rings 
(Scheme I).]' Furthermore, since the enantiodiscrimination occurs 
in the initial ionization, the results should be applicable to a broad 
range of palladium-catalyzed intermolecular as well as other 
intramolecular processes. 

This reaction of cyclic bis-carbamates is of particular interest 
not only because of its synthetic potential but also because it is 
mechanistically defined with respect to the origin of enantiose- 
lection (see Scheme 11). The enantiodetermining step (ionization) 
occurs early in the catalytic cycle; once set, the enantiomorphology 
of the substrate is not changed by subsequent steps.I2 Other 
features which make this reaction suitable for study of asymmetric 
palladium catalysis include: (1) only palladium4efin com- 
plexation anti to the leaving groups will lead to product; (2) 
diastereoface inversion of the metallophosphine moiety (via a 
change in hapticity) is prevented by the ring; (3) the nucleophile 
is intramolecular and has a defined trajectory; (4) only one re- 
gioisomeric product is possible; ( 5 )  the uncatalyzad reaction does 
not compete with the catalyzed reaction; and (6) there are no 
competing side reactions. 

Such asymmetric induction should not be limited to cyclizations 
since the enantiodiscriminating step is the ionization of the pro- 
chiral leaving groups. Thus, the same ligands should extend to 
asymmetric induction in allylic alkylations according to Scheme 
111. In this case, the problem that can be anticipated is double 
alkylation since the initial product still is a potential substrate for 

(1 1) (a) Trost, B. M.; Van Vranken, D. L. J .  Am. Chem. Sac.. 1990,112, 
1261. (b) Maloisel. J.-L.; Vasella, A.; Trost, B. M.; Van Vranken, D. L. J .  
Chem. Soc., Chem. Commun. 1991, 1099. (c) Trost, B. M.; Van Vranken, 
D. L. J . A m .  Chem.Soc. 1991, 113,6317. 

(12) Fiaud and mworkers have demonstrated enantioselective ionization 
via equilibrating diastereomeric palladium olefin complexes: Fiaud, J.-C.; 
Legros, J.-Y. J .  Org. Chem. 1990, 55, 4840. 
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Figure 2. Simple strategy for preparing phosphine ligands from chiral alcohols and amines. 

Scberne ll. Asymmetric Induction in a Pd-Catalyzed Oxazolidin-2-one Synthesis 
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the Pd catalyst. However, such over-reaction should be less of 
a problem with scalemic ligands that show high ee than with 
achiral ones since the factors that favor high ee in the initial 
alkylation should disfavor the required ionization for the second 
alkylation. 

Results 
The oxamlidinoneforming reaction was easily carried out by 

preparing the bis-carbamate substrate in situ. cis-Cyclopent-2- 
ene- 1,4401 in THF was treated with 2.05 equiv of p-toluene- 
sulfonyl isocyanate to give the bis-carbamate in an exothermic 
rea~t ion. '~ . '~  The bis-carbamate solution was then added to a 
solution of 5 mol % catalyst, prepared by stirring a mixture of 
ligand and tris(dibenzylideneacetone)dipalladium-ch 
complex in THF. Only moderate enantiomeric excesses were 
observed with the commonly used asymmetric ligands BINAPO* 
and the bis(diphenylphosphin~)ferrocenylamines'~ (BINAP and 
DIOP gave no reaction). As pointed out, part of the difficulty 
encountered in achieving asymmetric induction using chiral ligands 
in palladium-catalyzed ionizations or alkylations with soft nu- 

~ ~~ 

(1 3) Kaneko, C.; Sugimoto. A.; Tanaka, S. Synthesis 1974,876. Hayashi, 

(14) Ulrich, H. The Chemistry of Sulfonyl Isocyanates. Chem. Rco. 1966, 

(1 5 )  Hayashi, T. Personal communication. 

T.; Yamamoto, A.; Ito. Y. Tetrahedron Lett. 1987, 28, 4837. 

65, 369. 

clcophiles results from the fact that bond breaking/bond formation 
occurs on the face of the allylic moiety which is opposite that of 
the chiral metallophosphine moiety (eq 2).16 

I r  

Chiral Ligands Derived from %(Dipbenylpbosphino)benzoic 
Acid. 1. Chiral Salt Ligands. To improve the enantioselectivity 
in the reaction and provide a better understanding of the re- 
quirements for good asymmetric induction, we sought a ligand 
design which would provide simple and flexible preparation- 
criteria not met by the commonly used chiral phosphine ligands. 
Factoring the chiral ligand into segments corresponding to a metal 

(1 6) While excellent results have been obtained with 1,3diarylallyl sub 
strates, such reactions are of only marginal synthetic utility. See ref 2 and 
(a) Hayashi, T. Pure Appl. Chem. 1%8,60,7. (b) Yamaguchi, M.; Shima, 
T.; Yamagishi, T.; Hida, M. Tetrahedron: Asymmetry 1991, 2, 663. (c) 
Mllller, D.; Umbricht, G.; Weber, B.; Pfaltz, A. Helu. Chim. Acta 1991,74, 
232. 

(17) (a) Hoots, J. E.; Rauchfuss, T. B.; Wrobleski, D. A. Inorg. Synrh. 
1982.21, 178. (b) Rauchfuss,T. B. J. Organomer. Chem. 1978,162, Cl9- 
C22. (c) Jeffrey, J. C.; Rauchfuss, T. B.; Tucker, P. A. Inorg. Chem. 1980, 
19. 3306. (d) Hoots. J. E.; Rauchfuss, T. B.; Schmidt, S. P.; Jeffrey, J. C.; 
Tucker, P. A. Metal Complexes of Iminophphine and Iminoarsine Chelating 
Agents. Catalytic Aspects of Metal Phosphine Complexes. Ado. Chem. 
Series, 1%; American Chemical Society: Washington, DC, 1982; Chapter 
19, pp 303-31 1. (e) Rauchfuss, T. B. Functionalized Tertiary Phosphines and 
Related Ligands in Organometallic Coordination Chemistry and Catalysis. 
In Homogcneour Ciztalysis with Metal Phosphine Complexes. L. H. Pignolet, 
Ed.; Plenum Press: NY, 1984; pp 239-256. 
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binding site and a chiral skeleton or scaffold simplifies the synthesis 
provided that these two units can be joined by a simple chemical 
reaction. The ready availability of 2-(diphenylphosphino)benzoic 
acid (2-DPPBA) as a binding post suggests a strategy for a simple 
modular design. By examining the effects of stepwise changes 
in the metallophosphine moiety, we hoped to develop an under- 
standing of the structural requirements of an efficient chiral ligand 
design for this enantioselective ionization. Our initial approach 
was to form chiral salt ligands by the addition of chiral amines 
to 2-DPPBA. Chiral catalysts were prepared in situ by mixing 
4 equiv of chiral amine, 4 equiv of 2-DPPBA, and 1 equiv of 
palladium(0) (as tris(dibenzylideneacetone)dipalladium-chloro- 
form complex) in benzene (eq 3). With chiral amines such as 

0 

Chira’ + Pd(0) L 

CSb 
+ Amine 

(3) 
(-)-nicotine, (+)-sparteine, (+)-Damon alcohol, and the cinchona 
alkaloids the enantiomeric excesses in the oxazolidinone-forming 
reaction (Scheme 11) were low (1-8%).’* 

2. Chid Ester Ligands. The ultimate goal in this and all such 
systems is to restrict the system to one and only one transition 
state, thus assuring only a single product (enantiomer). Our means 
of limiting the number of available transition states in the en- 
antiodetermining step is to restrict the number of degrees of 
freedom in the phosphine-metal substrate complex. To reduce 
the number of degrees,of freedom in the chiral complexes, we 

. tumed from ionic salt linkages to the corresponding covalent ester 
linkages. We envisioned a modular ligand synthesis based on the 
preparation of esters (and ultimately amides) with 2-DPPBA 
(Figure 2).19 The ready availability of both chiral amines and 
alcohols makes this approach extremely attractive. 

As a simple test of the feasibility of this ligand design we 
prepared phosphine ligands from chiral alcohols lacking Cz sym- 
metry and applied them to the palladium-catalyzed reaction in 
eq 3. (-)-Quinine, (+)-N-methylephedrine, and (+)-threo-2- 
amino- 1 -phenyl- 1,3-propanedioI were acylated with 2-(di- 
pheny1phosphino)benzoic acid using DCC to give the corre- 
sponding chiral ligands 3-5. In all cases, enantiomeric excesses 

QPPh2 

3 4 

5 

(1 8) (-)-Quinine gave (+)-2 in 8.2% ee. (+)-Quinidine gave (-)-2 in 8.2% 

(19) For a preliminary report of a portion of this work see Trost, B. M.; 
ee. 

Van Vranken, D. L. Angew. Chem., Int. Ed. EngI. 1992, 31, 228. 
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Figure 3. Degree of rotational freedom of mono- and bidentate ligands. 
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Figure 4. Two possible diastereomeric complexes of bidentate ligand. 

.e*. 
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Figure 5. Two ways to favor one diastereomeric complex. Left, a ligand 
with a third binding site. Right, a C2-sy”etrical ligand. 

were low. The poor enantioselectivities obtained with ligands 3 
and 4 may be attributed to their monodentate nature. The chiral 
phosphines may rotate freely about the phosphorus-palladium 
bond without a defined orientation (Figure 3A). The infinite 
number of rotational states thus allow for an infinite number of 
competing transition states. To prevent independent ligand to- 
tation, one can connect the two phosphines with a tether (Figure 
3B). There is still, however, an additional degree of freedom 
characteristic of square planar metal-olefin complexes in that two 
different diastereomeric complexes are possible (Figure 4) which 
differ only with respect to rotation of the substrate with respect 
to palladium as in ligand 5. These may interconvert through either 
dissociation/reassociation or simple olefin rotation. Two potential 
solutions to this problem are shown in Figure 5 .  Placing a third 
binding group on the ligand may inhibit one of the diastereomeric 
complexes from forming and reacting. Alternatively, a C2-syf”- 
metrical ligand can form only one complex since a 1 80° rotation 
of the metallophosphine moiety is an identity operation. 

The importance of C2 symmetry may be easily tested by pre- 
paring ligands from Crsy”etrical diols. (S)-(-)- 1.1’-Binaphthol, 
(-)- 1,3:4,6-di-0-benzyIidene-~-mannitol, and (+)- 1,2:5,6-di-0- 
isopropylidene-&mannitol were acylated with 2-(diphenyl- 
phosphino)benzoic acid to give ligands 68. The immediate 

6 

8 
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Table I. Catalysis Using Chiral 2-(Diphenylphosphino)benzoate Esters and Amides as Ligands' 
~ 

mmol equiv C 
ligand substrate wncn (M) ligand time (h) temp ("C) yield (4%) [ah (dee) (CH2C12) %eb 

0.220 0.5 0.20 3 -8 to 12 48 -20.8 (f0.1) 3.12 14.8 

(-1-5 0.174 0.4 0.05 9 -8 to 20 81 -7.3 (h0.2) 3.91 5.2 
(+)4 0.168 0.4 0.075 5 rtd 87 -56.9 (f0.2) 3.05 40.4 
(-)-7 0.172 0.6 0.10 8 0 to rt 98 +86.2 (f0.3) 2.40 61.1 
(+ I 4  0.178 0.5 0.075 9 -8 to 20 100 +90.7 (fO.l) 2.49 64.3 

(+)-lo 0.297 0.4 0.075 2 0 to 5 68 -105.9 (f0.3) 2.82 75.1 

(+)-4 0.150 0.3 0.19 2 -8 to 5 77 -13.7 (f0.3) 3.22 n.7 
(+)-3 

(-b9 0.277 0.5 0.075 1 0 100 +83.9 (f0.3) 3.90 59.5 

(-)-11 0.374 0.5 0.075 1 0 97 +112.6 (f0.3) 3.12 79.9 
(+)-11 0.306 0.5 0.075 0.25 0 91 -111.9 (kO.l) 3.85 79.4 
(-)-llc 1.703 0.5 0.045 0.8 -78 96 +113.6 (k0.3) 2.52 80.6 
(+)-12 0.374 0.5 0.075 1.5 0 to 5 97 +110.0 (k0.7) 0.99 78.0 
(+)-13 0.510 0.5 0.094 0.33 0 94 -124.2 (f0.l) 3.41 88.1 

OReactions were run with 0.05 equiv of Pd(0) in THF. bEnantiomeric excess was determined by comparison with [aID = 141" (c 2.52, CH2C12) 
calculated for the homochiral oxazolidinone 2. cReaction was run with 0.03 equiv of palladium. dRoom temperature. 

?" 

R R  8% - I " 

Figure 6. Tying the diol into a ring. 

improvement in enantioselectivity observed in the reaction in 
Scheme I1 with these bidentate ligands (see Table I) is attributable 
to removing the extra degrees of freedom from the palladium- 
olefin complex." 
As a rudimentary test for the effect of a third binding site, we 

prepared a diol with an amine in a central location. Benzylamine 
was reacted with excess (1R)-phenyloxirane to afford the C2- 
symmetrical amino diol 9a (eq 4). The diester ligand 9 prepared 

9a  

P h z P 2  0n A P P h Z  

&"-o 0 0 

9 (4) 
from this diol gave oxazolidinone with an ee of 60%. While we 
could not test the ability of the nitrogen to chelate to the palladium 
during the ionization process, the enantioselectivity seems rather 
high to attribute to a flexible 1,5-diester ligand with no extra 
chelating properties. 

To further improve the enantioselectivity, we next turned to 
restricting the rotational freedom within the ligand itself. An 
improvement on the design of ligands 6-9 is to tie the diol into 
a ring to prevent rotation between the chiral centers (Figure 6). 
N-Benzyltartrimide, easily available in one step by condensation 
of tartaric acid with benzyl amine, served effectively as the rigid 
diol for preparation of ligand 10 (eq 5).21 This change in ligand 
structure increases the enantiomeric excess to 75%. 

0n 

3. C h i d  Amide Ligands. An additional source of rotational 
freedom associated with the ester ligand may result from rotation 

(20) Whitesell, J. K. Chem. Rev. 1989, 89, 1581. 
(21) Wong, C. M.; Buccini, J.; TeRaa, J. Can. J. Chem. 1968,46, 3091. 

ph*gPBph* / \  

1 0  

Figure 7. Corresponding amides having restricted rotation. 

about the acyl-oxygen bond. We may rigidify this linkage by 
going to the analogous amide linkage (Figure 7) as in ligands 11 
and 12 from the corresponding readily available enantiomerically 
pure diamines.22 This change in ligand structure again leads to 

(-)-11 (+)-11 

12  

an increase in the enantiomeric excesses achieved in the palla- 
dium-catalyzed reaction. The combination of C2 symmetry and 
restricted rotation results in enantiomeric excesses of over 80% 
(see Table I). The enantiopodal ligands derived from 1,2-di- 
phenylethanediamine led to products of equal and opposite ro- 
tation. 

Our final improvement of the ligand structure was aimed at 
increasing the dihedral angle of the N-C-C-N linkage (Figure 
8). Conceptually, such a change may restrict the number of 
conformers which allow the phosphines to chelate the metal in 

(22) (a) Corey, E. J.; Imwinkelried, R.; Pikul, S.; Xiang, Y .  B. J .  Am. 
Chem. Soc. 1989, 1 1 1 ,  5493. (b) Saigo, K.; Kubota, N.; Takebayashi, S.; 
Hasegawa, M. Bull. Chem. SOC. Jpn. 1986, 59, 931. 
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Figure 8. Increasing the dihedral angle. 

a bidentate fashion.= We obtained the rigid diamine by a Curtius 
degradation of the known (-)-9,lO-dihydro-9,1O-ethano- 
anthracene-1 1,12-dicarboxylic acid ((-)-14) (eq 6).24 Gratify- 
ingly, the ligand derived from this diamine brought the enan- 
tiomeric excess to 88%. 

1)  S o c l p  
2) DMF, NaN3 @& 3 ) A  4) NaOH c 

(-)-14 

The simple ligand design strategy used here has allowed the 
facile preparation of a wide range of stable chiral phosphine ligands 
from readily available chiral alcohols and amines. Table I sum- 
marizes the application of these ligands to the reaction of Scheme 
11. Using this strategy, we have demonstrated the importance 
of limiting specific degrees of freedom in the chiral catalyst as 
a means of limiting the number of competing transition states 
which lead to enantiopodal products-an approach which extends 
beyond the scope of this study to all reactions involving asymmetric 
induction. 

A brief examination of the applicability of this reaction for the 
asymmetric synthesis of oxazolidin-Zones from the other meso- 
2-ene-l,4diols was pursued. Equation 7 reveals that incorporation 

[a]~, = ~127'  
(C 1.21, CYCHp 

m*..6..*m 1 )  TsNCO 

2) cat. Pd(0) 
1 6  ligand (+l 1 

75% 
70% ee (7) 

of a substituent on the same face of the olefin to which the 
palladium must coordinate, as in 16,"aZ5 causes a slight decrease 
in the ee of the oxazolidin-Zone 17 (cf. 81% for (-)-11 in eq 3). 
On the other hand, use of the conformationally more well-defined 
six-membered ring system 18% effects a significant enhancement 
of the ee (eq 8). 

0 1 )  TsNCO 

1 8  

Determirution of optical Yieldp and Absolute stereochemistry. 
The optical yields and absolute stereochemistries of the oxazo- 
lidinones were determined by diastereomeric derivatization with 

(23) Hemmer, R.; Unsin, J. Homolytische Hydrogenierung. In Organi- 
wnetall- Verbindungen a h  Hilfsmittel in der organischen chemie. Houben- 
Weyl, Methoden der organischen Chemie, Band E 18 f Teil 1. Falbc, J., Ed.; 
Georg Thieme Verlag: New York, 1986; p 465. 

(24) (a) Brienne, M.-J.; Jaques, J. Bull. Soc. Chim. Fr. 1973, 190. (b) 
Hagashita, S.; Kuriyama, K. Tetrahedron 1972, 28, 1435. 

(2s) Homing, D. E.; Muchowski, J. M. Can. J.  Chem. 1967, 45, 1247. 
(26) Marchand, A. P.; Allen, R. W. J.  Org. Chem. 1974, 39, 1596. 

Marchand, A. P.; LaRoe, W. D.; Madhava S h a m ,  G. V.; Chander Suoi, S.; 
Sivakumar Reddy, D. J.  Org. Chem. 1986,51, 1622. 

Jb.4 

2 1 4  21 b 

Faolpe 9. Determination of absolute stereochemistry of oxamlidin-2-one 
2. 

Scheme IV. Determination of Enantiomeric Excess of 
Oxazolidin-2-one 2 

S-(+)-0-Methylmandelic - b C 0 3  HO-Q Acid A Q M e O H I H 2 0  HN" DCC 

I!¶ 97.0% t S  quant. 

c 

N'+ 

[a10 - + 1 1 4 O  20 
(C 2.52, CH&12) 

9.4 1 
by ' H  NMR 

(S)-(+)-a-methoxyphenylacetic acide2' Optical purity in sub- 
sequent reactions was based upon comparison of the optical ro- 
tation with that derived from these studies. Oxazolidinone 2 from 
the palladium-catalyzed reaction with ligand (-)-11 was hydro- 
lyzed to give 20 and acylated with (9-(+)-a-methoxyphenyladc 
acid to give a mixture of diastereomers 21a and 21b (Scheme IV). 
IH N M R  integration of the signals from H-2, H-3, and H-4 
showed a 9.4:l.O ratio of diastereomers leading to a value of [aID 
= 141O (c  2.52, CHzC12) for the parent oxazolidinone. Enan- 
tiomeric excesses were based upon comparison with this value. 

The absolute stereochemistry of the major and minor diaste- 
reomers were determined from the differential shielding effects 
of the a-methoxyphenylacetate group observed in the 'H N M R  
(Figure 9). In isomer 21a. olefdc protons H-3 (6 5.68) and H-4 
(6 5.48) are shifted upfield by about 0.1 ppm relative to 21b (6 
5.78 and 5.57, respectively). In isomer 21b, proton H-2, a to the 
sulfonamide (6 4.38), is shifted upfield by 0.1 ppm relative to 21a 
(6 4.49). 

Oxazolidinone 17 was hydrolyzed (KzC03, MeOH, HzO, 93%) 
and subjected to acylation using the Stadler esterificationz8 pro- 
cedure to produce a mixture of diastereomers in a 2.24:l ratio 

I-\ I_\ 

1 2.24 
by 'H NMR 
(38% d.e.) 

(27) Trmt, B. M.; Belletire, J. M.; Godlcski, S.; McDougal, P. G.; Bal- 
kovec, J. M.; Baldwin, J. J.; Christy, M. E.; Ponticcllo, G. S.; Varga, S. L.; 
Springer, J. P. J .  Org. Chem. 1986, 51, 2370. 

(28) Stadler, P. A. Helv. Chim. Acta 1978,61, 1675. See also: (a) Bindu 
Madhavan, G. V.; Martin, J. C. J.  Org. Chem. 1986.51, 1287. (b) Marchand, 
A. P.; LaRoe, W. D.; Madhava Sharma, G. V.; Sun, S. C.; Reddy, D. S. J.  
Org. Chem. 1974, 39, 1596. 
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Flgurt 10. Determination of absolute stereochemistry of omIidin-2-one 
17. 
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Rspac 11. Determination of absolute stereochemistry of omIidin-2-one 
19. 

(‘H NMR). This leads to a value of [a],, = 181’ (c 1.1, CH2C12) 
for the homochiral oxazolidinone 17. 
As for 21, the absolute stmochemistry of the major and minor 

isomers 23a and 23b was determined by the differential shielding 
effects of the (9-(+)-a-methoxyphenylacetate group (Figure 10). 
In the minor diastereomer 23a, H-3 (6 5.69), H-4 (6 5.54), and 
H-5 (6 2.62) are shifted upfield relative to H-3 (6 5.74)- H-4 (6 
5.63), and H-5 (6 2.80) in the major diastereomer 23b. In the 
major diastereomer 23b, H-2 (6 4.45) is shifted upfield relative 
to H-2 (6 4.55) in 23a. 

The sequence of hydrolysis (quantitative) and DCC-promoted 
esterification (quantitative) with (S)-0-methylmandelic acid 
similar to that in Scheme IV was carried out with the tetracyclic 
oxazolidinone 19 (prepared using ligand 13) to give a mixture of 
diastereomeric esters 25. and 2% in  87% diastereomeric excess 

14.1 : 1 

87% d.e. 

(14.1:l diastereomer ratio), suggesting an optical purity of 87% 
for the original scalemic oxazolidinone 19. 

The absolute stereochemistry of oxazolidinones 19 was also 
determined from the differential shielding effects of (9-(+)-a- 
methoxyphenylacetate derivatives 25a and 25b (Figure 11). In 
the major diastereomer 25% H-9 (6 2.22) is shifted upfield relative 
to H-9 (6 2.97) in the minor diastereomer 25b. In  the minor 
diasteraomer 29, H-2 (6 3.81) and H-3 (6 4.99) are shifted upfield 
relative to H-2 (6 3.89) and H-3 (6 5.09) in 25r. 

predicting the Eaantioselectire Ionization. Once a range of 
ligands derived from 2-(diphenylphosphino)bemic acid had been 
tested, a pattern of enantioselectivity emerged. The ligands may 
be divided into two groups: ligands which bind palladium without 
C2 symmetry and ligands which may bind palladium with C2 
symmetry. For ligand-metal complexes lacking C2 symmetry, 
including the salt ligands (eq 3), the enantiomeric excesses were 
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Diphenylphosphlno groups can only 
cootdinate palladium on the a tace 

of the (3 3 01 ring system. 
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this Menlate mode 

of bnding 

Figure 12. Steric interactions of the isomannide ligand 26. 

uniformly low (I1596). In contrast, the Crsymmetrical mplcxes 
gave a higher order of enantioselectivity (40-88%) and a pre- 
dictable enantiomeric preference. 

In order to develop a working model to correlate the sense of 
enantioselective ionization with the absolute configuration of the 
ligand, we assume that the bis-phosphine ligands function in a 
bidentate fashion in spite of the fact that such bidentate coor- 
dination requires rings ranging from 13 to 16 members. Several 
observations support this assumption. The experimental stoi- 
chiometry of one bidentate ligand for each palladium in a catalytic 
reaction which was established as optimum by varying the ratio 
of ligand to palladium indicates that both phosphines are coor- 
dinating to palladium. The bidentate ligand from isomannide (26, 
Figure 12) proves to be quite informative. This C2-symmetric 
ligand is structurally different from the others in that the cuplike 
framework creates a steric bamer for bidentate chelation. Forcing 

(Phenyl Groups not explicitly shown in Stereoview) 

the diphenylphosphino groups to project toward the concave face 
of the bicyclic ring system, which causes significant steric in- 
teraction between the phenyl rings and the bicyclic framework 
as depicted in Figure 12, destabilizes this conformation required 
for bidentate coordination to palladium. Thus, while this ligand 
does have C, symmetry, it is probable that it does not act as a 
bidentate ligand for palladium. Very low ee (7%) is observed when 
ligand 26 serves as the asymmetric inducing element. These results 
also disfavor a model invoking an alternative coordinating mode 
wherein these bisphosphines bridge two palladiums. The iso- 
mannide ligand should participate equally well in such a coor- 
dination geometry and thereby lead to asymmetric induction 
comparable to the other ligands, but it does not. While bidentate 
coordinations involving very large rings are also not common, they 
are preccdented especially in the work of Rauchfuss.’’ 

Envisioning the bisphosphine ligands of C2 symmetry serving 
as bidentate coordinators, a pattern of enantioselectivity emerged. 
We noted that in each case the stereochemistry of the chiral linker 
was directly related to the optical rotation of the product and hence 
the ionization step (Figure 13). As our study of these chiral 
ligands progressed, we realized that we could predict which group 
(R or S )  would preferentially ionize prior to preparation of the 
ligand! Figure 14 provides a simple mnemonic which correlates 
the ligand stereochemistry with that of the product. 

Applying the same model to substrates 16 and 18 leads to the 
predictions that (-)-11 should lead to the absolute configurations 
depicted in formula 17 and 19 (q 7 and 8). The mandelate 
analytical method establishes these predicted absolute configu- 
rations as the experimentally observed ones. 

It is interesting to note that BINAPO follows the mnemonic. 
Thus, (S)-(-)-BINAPO (26) complexed to palladium effects 
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LIGANDS 6.1 0.  (+)-l 1.1 3 LIGANDS 7.8.9, (-)-1 1.1 2 
Figure 13. Correlation of absolute stereochemistry of the product with that of the variable chiral linker. 

counterclodtwise 
orient at ion 

Ligand 

clockwise 
orientation 

a 
clockwise 
ionization 

a 
Figure 14. Mnemonic rule for ionization. 

a stereoctiem is try . . . 

e counterdockwise 
ionization 

... correlates with 
product 

stereochemistry 
a 

cyclization of the bis-urethane intermediates of Scheme I1 and 
eq 7 to enantiomers (-)-2 (30% ee) and 27 (65% ee). 

26 27 

Cautions must be exercised in applying this mnemonic in those 
cases exhibiting rather low ee. When substrate 16 was tested with 
ligands 6 and 13, the product, 17, was obtained with low ee (18% 
and 38%. respectively) and the opposite configuration of that 
predicted by the mnemonic in Figure 14. Unlike cis-cyclopent- 
2-ene 1 ,Mi01 and diol 10, diol 16 bears a (benzy1oxy)methyl group 
on the sume face of the cyclmlkene as the palladium binds. The 
impaling of the chiral template by this substituent may change 
the reacting conformation and thereby the nature of the steric 
interactions that leads to the chiral recognition. It is interesting 
to note that an enzymatic hydrolysis of the diacetate derived from 
cis-cyclopent-2-ene-1 ,4-diol and diol 16 leads to the enantiom- 
erically opposite hydroxy acetates-indicative of a major effect 
of the benzyloxy substituent here too.29 

The cartoon shown in Figure 15 provides a working model for 
the origin of the steric interactions which lead to the observed 
enantioselectivity. This model suggests that the difference in 
diastereotopic transition states (ionization of the pro-S leaving 
group versus ionization of the pro-R leaving group) is the result 

(29) Griffith, D. A.; Danishefsky, S .  J. J. Am. Chem. Soc. 1991,113,5863. 
However, see: LeGrand, D. M.; Roberts, S.  M. J .  Chem. Soc.. ferkin Trans. 
11992,  1751. 

(30) Mori, M.; Nukui, S.; Shibasaki, M. Chem. Left. 1991, 1797. 

Large steric 
interaction 

- OR 

Small steric 
interaction 

Ro- 

lonlzatlon of the (R) group Ionization of the (S) group 

Figure 15. Model for origin of enantioselectivity. 

of steric interactions between the chiral ligand and the cycloakcne 
portion of the substrate. The asymmetric ligand is depicted as 
having regions that are sterically small (depicted by circle) and 
sterically large (depicted by elipse) arranged in a C2-sy”etric 
array. A clockwise twist leading to the ionization of the pro-R 
leaving group allows the sterically small region to move over the 
face of the ring of the substrate, thereby minimizing unfavorable 
interactions. On the other hand, a counterclockwise twist that 
is required to ionize the pro-S leaving group forces the sterically 
demanding region of the ligand over the face of the suhtrate which 
should destabilize the transition state for this ionization. Steric 
interactions between the leaving group and ligand should not have 
a significant effect on the preference for ionization. 

Some important predictions which result from this model are 
(1) electronic effects (leaving group ability) should have a greater 
influence than leaving group size;’* (2) palladium-catalyzcd re- 
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Figure 16. Determination of absolute configuration of a malonate al- 
kylation product. 

actions involving substrates similar to 1 will follow the mnemonic 
shown in Figure 14; and (3) because alkylation is the microscopic 
reverse of ionization, the ability to predict the difference in 
transition-state energies for R-group and S-group ionization should 
also apply to pro-R versus pro-S alkylation of cyclic palladium- 
allyls. The predictions resulting from this model are currently 
being tested. 

Intermolecular Aurylatioar9. Having designed modular ligands 
capable of effecting high asymmetric induction in a cyclization 
to form oxazolidin-2-ones, we examined the generality of the 
concept by considering the feasibility of the intermolecular mo- 
noalkylation and its asymmetric induction. We chose the di- 
benzoate of 2-cyclopentene-1 ,4-diol (28)13 as our test substrate. 

0 0 
II II 

E 0 

phc40pm 

3 0  Na O( E 2 9  

2 8  

+ II 
0 

E J * . o P c p h  II - P H C 4 O A E  - 
E 

- Q E  

1 
E R E 

32 3 1  

As pointed out in Scheme 111, unlike the cyclization examined 
above, the question of di- vs monoalkylation must be considered. 
Indeed, early studies with triphenylphosphine as ligand and the 
diacetate corresponding to 28 revealed the dialkylation product 
to be the overwhelming one. Fortunately, such a problem can 
be minimized with the chiral ligands. Our initial effort examined 
the alkylation of the anion of dimethyl malonate as in eq 9. 
Analyses of the ee's and the assignment of absolute configuration 
were performed by conversion to the mandelates 31 and 32 (eq 
9) by treatment with magnesium methoxide (CH,OH, 60 "C) 
followed by esterifcation with (S)-Omethylmandelic acid (DCC, 
DMAP, CH2C12, room temperature). As above, differential NMR 
shifts allowed assignment of configuration (Figure 16). Thus, 
the absorptions for the vinyl protons appeared at lower field and 
those for the methylene protons at higher field for the 1R,4S 
isomer 31 compared to the 1S,4R isomer 32. Integration of the 
signals at 6 5.92 vs 5.79 allowed determination of ee. Using the 
same catalytic conditions as for the oxazolidin-2-one synthesis with 
tartrimidederived bis-phosphine 10 as the chiral ligand, alkylation 
as in eq 9 at 0 "C-room temperature provided a 40% yield of 
monoalkylation product of 64% ee in which enantiomer 30 dom- 
inated (18% 29,82% 30). Substantial improvements in both yield 
and ee occurred upon switching to the amide-derived ligands. 
Amide ligand (+)-11 gave a 68% yield of product of 92% ee (4% 
29, 96% 30), whereas amide ligand 12 gave an 80% yield of 
alkylated product of 93% ee (96.5% 29,3.5% 30). Note that these 
two amide ligands which possess enantiomeric scaffolds gave 
products of opposite chirality. These results contrast to that from 
using (S)-BINAP02 which gave only a 38% yield of product of 
557% ee (21.5% 29, 78.5% 30) accompanied by significant 
dialkylation (32%). 

N4/+ 

PhVi 5.6 

3 8  
1s. 4R 

3 7  
1R. 45 

H-2 6 6.W 
H-3 6 5.92 
H-5, H-6 6 2.33, 1.51 

6 6.04 
6 5.82 
6 2.44, 1 .?6 

Figure 17. Determination of absolute configuration of amine alkylation 
products. 

To determine the dependence, if any, of the ee on the carbon 
nucleophile, we explored the reactions of 2-methylcyclohexane- 
1,3dione (eq 10). With achiral triphenylphosphine as the ligand, 

best yields of the monoalkylated product were obtained using DBU 
as base (80-82%) in contrast to potassium hexamethyldisilamide 
which gave a 65% yield. Thus, DBU was used for the asymmetric 
alkylations. Chiral shifts using E u ( h f ~ ) ~  in benzene-& caused 
separation of the absorptions for the vinyl proton for the two 
enantiomers 33 (lower field) and 34 (higher field) which provided 
the ee's. 

Reaction using our standard catalyst system with diester ligand 
10 at 0 "C gave a 51% yield of product of 52% ee (24% 33,76% 
34). Expectedly, reaction using the diamide ligand 12 at 0 OC 
gave a significant enhancement of both yield, to 95%, and ee, to 
91% (95.5% 33,4.5% 34). To demonstrate that a counterion had 
little, if any, effect, alkylation using diamide ligand (+)-11 was 
performed with the lithium enolate under otherwise identical 
conditions and gave an 86% yield of product of 91% ee in which 
the enantiomer to that obtained from using amide 12 was dominant 
(4.5% 33, 95.5% 34). 

Comparing heteroatom to carbanion nucleophiles tests the 
generality of this asymmetric alkylation. Nitrogen nucleophiles 
are particularly important and test the limits, since amines have 
proven to be somewhat schizophrenic in their diastereomeric 
behavior in allylic alkylations in that they sometimes gave products 
of both net retention and net inversion of configuration." 
Conditions for optimizing the alkylation were established using 
triphenylphosphine as the ligand. To avoid polyalkylation by using 
large excesses of amine nucleophile, an auxillary tertiary amine 
base was employed with triethylamine proving to be substantially 
superior (70% yield) to DBU (16% yield). 

The absolute configuration and ee of the monoalkylation 
products 35 and 36 were established by conversion to the 0- 
methylmandelate esters 37 and 38 (eq 11) by hydrolysis (LiOH, 

0 2 6  0 
W, II - P H = L . ( y N y  II 

Ph,,NH, 
CH3 3 5  

PoPPh Ph - + 
3 6  

1 1 

3 6  3?  

CzHsOH, HzO, 60 "C) followed by acylation with (S)-0- 
methylmandelic acid (DCC, DMAP, CH2C12, room temperature). 
Analysis of the NMR spectra allowed assignment of the absolute 

(31) Trast, B. M.; Keinan, E. J .  Am. G e m .  Soc. 1978,100,7779. Also 
see: BLckvall, J. E.; Nordberg, R. E.; Zetterberg, K.; Akermark, B. Orga- 
nomet. 1983, 2, 1625. 
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Scheme V. Kinetic Enrichment of Enantioselectivity 

rxn a 

Trost et al. 

configurations (Figure 17) as well as determination of the ee. As 
for the malonate alkylation products, the absorptions for the vinyl 
protons a@ at lower field and those for the methylene protons 
at higher field for the 1R,4S isomer 37 compared to the 1S,4R 
isomer 38. Integration of the signals at 6 5.92 vs 5.82 provided 
a measure of the ee. Surprisingly, alkylation using the standard 
catalyst system with diester 10 gave a significantly higher ee of 
74% (13% 35,87% 36) than with carbon nucleophiles. Another 
difference between the two types of nucleophiles arose with the 
amide ligands (+)-11 and 12 which have shown virtually identical 
behavior with carbon nucleophiles. In this case, a significantly 
higher ee was obtained using (+)-11 (95% ee, 2.5% 35, 97.5% 
36) compared to using 12 (78% ee, 89% 35,11% 36). As in all 
the previous examples, ligands 10 and (+)-11 produce the same 
major enantiomer, which is the mirror image of that favored by 
ligand 12. 

Correlation of the absolute configuration of the products with 
the absolute stereochemistry of the ligands follows the mnemonic 
outlined in Figure 14. The absolute configurations of the malonate 
and amine alkylation products were established b the N M R  

above. The malonate alkylation product also correlated with the 
same compound recently reported.30 

Ligands 10 and (+)-11 correspond to the clockwise orientation 
of the two binding posts on the chiral scaffold and thus lead to 
products 30 and 36. On the other hand, amide ligand 12 cor- 
responds to the counterclockwise orientation of the binding posts 
with the penultimate result being formation of enantiomers 29 
and 35. In the case of alkylations with 2-methylcyclohexane- 
1,3-dione, N M R  studies with chiral shift reagents show that the 
major enantiomers from reactions with ligands 10 and (+)-11 are 
the same and opposite that from reaction with ligand 12 as ob- 
served in all the other cases. By analogy to all of the examples 
to date, we assign the major enantiomers from reactions with 
ligands 10 and (+)-11 to be 34 and that from reaction with ligand 
12 to be 33. 

In all the above cases, reactions were performed to minimize 
any dialkylation since further reactions could distort the enan- 
tioselectivity (see Scheme V). Consider the case of amide ligand 
10 which favors ionization of the pro-R leaving group. Thus, 
reaction a should be faster than reaction b, leading to an excess 
of enantiomer 39 over 40. On the other hand, this same ligand 
should promote dialkylation via ionization of 40 (rxn d) to a 
greater extent than via ionization of 39 (rxn c). Thus, to the extent 
that the ligand makes a mistake in the initial ionization by gen- 
erating the %rang" enantiomer, it can become self-correcting by 
consuming this *wrong” enantiomer more rapidly. A consequence 
of this behavior is enhancement of ee by kinetic destruction of 
the “wrong” enantiomer due to its over-reaction. Enzymes exhibit 
similar behavior,32 and thus enantioselectivity can be dependent 
upon extent of reaction or over-reaction- feature that must be 

method based upon the Omethylmandelate esters2 Y as outlined 

39 

+ Pd(0) 

Y 

rxn d 

commonly exploited in enzymatic processes to obtain the high ee’s 
desired. 

Since dialkylation had been minimized and was not observed 
in the above reactions, the ee’s obtained reflect the true chiral 
discrimination. On the other hand, this phenomenon offers a 
simple means of enhancing the ee of this metal-catalyzed reaction 
simply by allowing the reaction to proceed partially to the dial- 
kylation product. Indeed, performing the alkylation of dibenzoate 
28 with a slight excess of the anion of 2-methylcyclohexane- 
1,340ne caused the yield to drop to 84%, but the ee was enhanced 
from 91% to 98% with amide ligand 12 (eq 12). 

1.2 eq. 1.0 eq. 

84% yield 
98% ee 

General Discussion 
A major challenge today involves developing a rational approach 

to ligand design for asymmetric induction in synthetically useful 
transition metal-catalyzed reactions. While the processes of oxygen 
and hydrogen atom transfer are succumbing to efforts to realize 
this goal, the intransigence of the metal-catalyzed allylic alkylation 
requires ligands whose availability is not hampered by the com- 
plexity of synthesizing the typical chiral phosphines that have been 
employed in most transition metal-catalyzed The 
modular design based on derivatives of 2-(diphenylphosphino)- 
benzoic acid provides easy access by allowing the assembly of the 
chiral ligand by a simple acylation between the metal binding posts 
and the chiral linker or template. Using this strategy, stepwise 
rational changes to remove specific degrees of freedom from the 
ligand have led to marked improvement in the enantiomeric ex- 
cesses obtained in a mechanistically defined enantioselective allylic 
alkylation involving an asymmetric palladium-catalyzed ionization. 

Several trends can be noted. Enhancing ligand rigidity enhanca 
ee as evidenced by switching from esters to amides. Within either 
series, increasing the dihedral angle between the vicinal diol or 
diamine enhances the ee as evidenced by comparing 8 vs 10 and 
11 or 12 vs 13. Surprisingly, increasing the tether length between 
the diols has little effect as evidenced by comparing 7 and 8. One 
way to understand these effects involves the model depicted in 
Figure 18 in which the chiral environment created by the con- 
formation of the phenyl rings dictates the chiral recognition in 
the ionization step.’J3 Since bond breaking and bond making 

(32) Wang, Y.-F.; Chen, C. S.; Girdaukas, G.; Sib, C. J. J .  Am. Chem. 
Soc. 1984,106,3695. 

(33) Knowlea, W. S.; Vineyard, B. D.; Sabacky, M. J.; Stults, B. R. In 
Fundamental Research in Homogeneous Catalysis; Tsutsui, M., Ed.; Plenum 
Prcss: New York, 1979, Vol. 3, pp 537-548. 
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Figure 18. Model for ligand effect. 

occur distal to palladium and thus the chiral ligands, forcing the 
c h i d  environment to embrace the substrate by opening the “bite 
angle” 0 is necessary for high chiral recognition. Thus, we can 
envision that the effects of a large chelating C2-symmetric bis- 
phosphine and increasing the dihedral angle of the vicinal diols 
and diamines constituting the chiral scaffold increased the bite 
angle and thus the chiral recognition. Any further discussion is 
postponed until further experimental support is obtained, but the 
present findings do constitute a useful working hypothesis. 

Since asymmetric induction arises in the ionization step, this 
approach appears to be generally applicable for allylic alkylations 
(eq 13) involving inter- as well as intramolecular processes and 

\--I \--I 

carbon as well as heteroatom nucleophiles. The higher eels ob- 
tained in the intermolecular alkylations (191%) compared to the 
cyclization of the bis-urethane may be attributable to the dif- 
ferences in leaving groups. Since breaking the C-O bond con- 
stitutes the enantiodetermining step, the nature of the leaving 
group is expected to influence the ee. On the other hand, the chiral 
recognition should be independent of the nucleophile. With the 
carbon nucleophiles, this expectation is fulfilled. Nevertheless, 
use of a secondary amine as the nucleophile does affect the ee, 
the source of which remains undefined. The facts that the amine 
may hydrogen bond to the leaving group and that the amines 
behave abnormally in other respects in such palladium-catalyzed 
reactions may be invoked to help rationalize the effect. Never- 
theless, an excellent ee (95%) is obtainable. 

Such a metal-catalyzed dissymmetrization of meso-2-ene- 1,4- 
diols has a strategic advantage over enzymatic approaches em- 
ploying lipase-catalyzed a c y l a t i ~ n s ~ ~ - ~ ~  or esterase-catalyzed hy- 
drolyses.”9” With the metal-catalyzed reaction, the asymmetric 
inducing step can be incorporated as one of the integral bond- 
forming steps building the final target, whereas the enzymatic 
approach requires the creation of a chiral compound as a separate 
operation. Thus, steps in a synthetic sequence can be saved. For 
example, in an elegant, recently completed allmmizoline synthesis 
using an enzymatic strategy, eight steps were required from a 
2-ene- 1,Cdiol to a key oxazolidin-2-one intermediate.29 Using 
the palladiumcatalyzed approach, the same structural elaboration 
can be accomplished in two steps.” 

Furthermore, the highest ee reported for the enzymatic prep- 
aration of 1 (R)-acetoxy-4(S)-hydroxycyclopentene was 97% with 

(34) Cf. (a) Wang, Y. F.; Wong, C. H.; Ngo, J. S.; Kabiak, K. A.; Dygos, 
J. H. J.  Org. Chem. 1990,55,3377. (b) Wong, C. H. Science 1989,244,1145. 
(c) Harris, K. J.; Gu, Q. M.; Shieh, Y.-E.; Girdaukas, G.; Sih, C. J. Tetra- 
hedron Lett. 1991, 32, 3941. 

(35) (a) Theil, F.; Ballschuh, S.; Schick, H.; Haupt, M.; HHfner, S.; 
Schwartz, S. Synthesis 1988, 540. (b) Jommi, G.; Orsini, F.; Sisti, M.; 
Verotta, L. G a n .  Chim. Ital. 1988, 118, 863. 

(36) Cf. (a) Wang, Y.; Chen, C.; Girdaukas, G.; Sih, C. J. J .  Am. Chem. 
Soc. 1984,106,3695. (b) Laumen, K.; Schneider, M. Tetrahedron Lett. 1984, 
25, 5875. (c) Idem., Chem. Commun. 1986, 1298. (d) Deardorff, D. R.; 
Matthews, A. J.; McMeckin, D. S.; Craney, C. L. Tetrahedron Lett. 1986, 
27, 1255. 

(37) Cf. Deardorff, D. R.; Linde, R. G., 11; Martin, A. M.; Shulman, M. 
J. J .  Org. Chem. 1989, 54, 2759. Montforts, F. B.; Gesing-Zibulak, I.; 
Grammenos, W.; Schneider, M.; Laumen, K. Helu. Chim. Acta 1989, 72, 
1852. 
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the lipase derived from Mucor michai but only at a 48% con- 
version.’“ The best result utilizing electric eel cholinesterase 
reported a 93.6% yield of the 1 R,4S product whose ee was recorded 
as 96% but after initial ~rystallization.’~ For the 1SI4R enan- 
tiomer, transacylation of the diol provided only a 48% yield of 
product of 95% ee after initial crystallizati~n.’~~ Porcine liver 
esterase gave an 86% yield of this isomer of 75% ee.36b None of 
these enzymes allowed extension of this strategy to a chiral syn- 
thesis of the six-membered ring substrate for which the best result 
involved a pseudomonas lipase transacylation in which a 51% yield 
of 1 (S)-acetoxy-4(R)-hydroxycyclohex-2-ene of 95% ee but only 
when accompanied by 44% of the over-reacted diacetate.’“ 

In contrast to the above, the metal-catalyzed reactions are not 
so substrate specific-the same ligand permits high eels with 
different substrates. Furthermore, our six-membered ring sub- 
strate gave higher ee’s than our five-membered ring system! In 
the intermolecular alkylations, all alkylations employing the di- 
amide ligands ll or 12 gave complete conversion with 191% ee, 
and kinetic enhancement raised the ee to 98% with only a slight 
diminishment of yield. Combined with the fact that either en- 
antiomer is equally accessible from the enantiomeric ligands in 
contrast to the biologically based approach, this method should 
prove generally useful for employing meso-2-ene- 1 ,Cdiols in 
asymmetric organic synthesis-a premise already substantiated 
by the use of the malonate alkylation products 29 and 30 for the 
synthesis of biologically important cyclopentanoid natural prod- 
u c t ~ . ~ * . ~ ~  The prospect of broadening the scope for asymmetric 
induction in other types of allylic alkylation represents a major 
thrust. The potential of modular ligands like the ones developed 
herein for asymmetric induction in other transition metal-catalyzd 
reactions remains a challenge. 

Experimental Section 
All reactions were run under an atmosphere of dry nitrogen unless 

otherwise indicated. Anhydrous solvents were transferred by oven-dried 
syringe or cannula. Flasks were flame dried under a stream of nitrogen. 
Acetonitrile, dichloromethane, and pyridine were distilled from calcium 
hydride. Ether and tetrahydrofuran (THF) were distilled from sodium 
benzophenone ketyl. Toluene was distilled from sodium. Dimethyl- 
fonnamide (DMF) was distilled from barium hydroxide at reduced 
pressure. 

Melting points were determined on a Thomas-Hoover melting point 
apparatus in open capillaries and are uncorrected. Solvents for chro- 
matography are listed as volume/volume ratios. Optical rotations were 
determined using a JASCO DIP-360 in 50-mm cells. Infrared spectra 
were recorded on a Perkin-Elmer 1420 spectrophotometer or a Nicolet 
205 spectrophotometer. Elemental analyses were performed by Spang 
Microlabs, Eagle Harbor, MI; Robertson Laboratories, Madison, NJ; 
and M-H-W Laboraties, Phoenia, AZ. High resolution mass spectra 
(HRMS) and low reaolution mass spectra (LRMS) were obtained from 
the Mass Spectrometry Resource, School of Pharmacy, University of 
California-San Francisco on a Kratos MS9 or through the courtesy of 
Dr. John Kuo at Shaman Pharmaceuticals, Inc., San Carlos, CA, and 
are reported as m / e  (relative intensity). Accurate masses are reported 
for the molecular ion (M’) or a suitable fragment ion. Proton and 
carbon-13 (‘H, ”C) nuclear magnetic resonance spectra were recorded 
using a Varian XL-400 (400 MHz, 100 MHz) or a Varian Gemini 200 
(200 MHz, 50 MHz) or 300 (300 MHz, 75 MHz). Proton NMR 
spectra used for analytical determinations (e.g., product ratios) were run 
with an increased delay (0.5-1.0 s) to minimize effects of differential 
relaxation times. 

3-Am-3-benzyl-1 (R ),S(R )-dihydroxy-1,5-dipbylpent.ac (9.). A 
neat mixture of benzylamine (92 rL, 90 mg, 0.84 mmol) and (R)- 
(+)-phenyloxirane (0.576 mL, 606 mg, 5 .04  “01, Aldrich) was stirred 
at room temperature for 5 min and then at 120 OC for 13 h. After 
cooling to room temperature, the reaction mixture was loaded onto a 2.5 
X 13-cm column of silica gel and chromatographed with 40% ethyl 
acetate/hexanes to afford a mixture of isomeric diols (6:1, ‘H NMR) as 
an oil (0.318 mg, slightly contaminated with ethyl acetate): minor iso- 
mer, R10.55 (50% ethyl acetate/hexanes); major isomer, R10.65 (50% 

(38) Harre, M.; Raddatz, P.; Walenta, R.; Winterfeldt, E. Angnv. Chem., 
Int. Ed. Engl. 1982,21,480. Noyori, R.; Suzuki, M. Angew. Chem., Int. Ed. 
Engl. 1984, 23, 847. 

(39) See ref 30, 37, and Corey, E. J.; Carbino, P. Tetruhedron Lett. 1990, 
31, 7555. 
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ethyl acetate/hexanes). The mixture of diols was chromatographed on 
a 1.6 X 13-cm column of silica gel with 20% ethyl acetate/hexanes to 
afford the symmetrical diol 9p as a clear, colorless oil (0.228 g, 78.1%). 

Diol 9.: RfO.65 (50% ethyl acetate/hexanes); IR (neat film) 3384 
(br), 3062,3029,2941,2886,2835, 1922 (w), 1883 (w), 1812 (w), 1494, 
1453, 1405, 1375, 1335, 1253, 1201, 1133, 1090, 1063, 1027,911 cm-'; 
'H NMR (CDC13, 200 MHz) 6 7.32 (m. 15 H), 4.75 (dd, J = 8.8, 4.4 

(br s, 2 H, OH), 2.79 (ddABx, J = 19.0, 13.4 Hz, 2 H), 2.76 (ddABx, J 

129.24, 128.60, 128.44, 127.62, 127.49, 126.00, 70.73, 62.42, 59.60, 
LRMS (m/z): 240 (51), 238 (14). 210 (27), 133 (30), 132 (loo), 120 
(16), 107 ( l l ) ,  105 (25), 104 (22). HRMS calcd for C23H25N02 - 
C7Hs0 241.1466, found 241.1412. 

( + ) - l l ( s ) , 1 2 ( S ) - I 9 , 1 ~ ~ ~ ~ ~ 9 , l ~ e ~ t ~ ~ n e  (15). 
To a stirred slurry of (-)-9,10-dihydro-9,1O-ethanoanthracene-l1- 
(S),12(S)-dicarboxylic acid (2.00 g, 6.80 mmol, [alas = -35.6 (f0.2)' 
(c 1.96, dioxane)) in anhydrous benzene (16 mL) was added a catalytic 
amount of anhydrous DMF (1 drop from a Pasteur pipette). The mix- 
ture was stirred as a white slurry, and thionyl chloride (1.5 mL, 2.425 
g, 2.04 mmoi) was then added. The mixture was heated at reflux until 
evolution of hydrogen chloride gas subsided (3.25 h, tested effluent with 
wet pH paper). The solution was allowed to cool to room temperature, 
and solvent and thionyl chloride were removed under reduced pressure 
(30-60 mmHg). Anhydrous benzene ( 5  mL) was added, and solvent was 
again removed under reduced pressure. A final portion of benzene ( 5  
mL) was added, and solvent was removed under reduced pressure to 
afford the crude bis-acid chloride as a clear beige glass free from thionyl 
chloride (2.198 g. 97.7%). The crude bis-acid chloride was directly 
reacted with sodium azide without further purification: IR (CDCl3) 
3020, 3000, 1782 (s), 1455, 1450 cm-l; 'H NMR (CDC13, 200 MHz) 
6 7.37 (m, 4 H), 7.20 (m, 4 H). 4.96 (br s, 2 H), 3.82 (dd, J = 1.6, 1.0 

127.43, 125.28, 124.41, 59.19, 46.75. 
To the crude bis-acid chloride at 0 OC was added anhydrous DMF (16 

mL). The flask was swirled by hand for 35 min (stir bar was fused into 
the glassy solid) until the substrate had dissolved, and the clear solution 
was stirred at 0 "C for 1 h. Sodium azide (0.97 g, 15.0 mmol) was 
added, and the slurry was stirred at 0 OC to room temperature over 3 h. 
The reaction was poured into ice-cold deionized water (100 mL) and 
extracted with chilled toluene in four portions (40 mL, 3 X 25 mL). The 
combined organic layers were dried over sodium sulfate and filtered into 
a 250-mL round-bottom flask to give a solution of bis-azide. A reflux 
condenser and extra toluene (20 mL) were added, and the mixture was 
stirred at room temperature for 3.5 h and then at reflux for 2 h (nitrogen 
evolution). The solution was allowed to cool to room temperature and 
then transferred to a 500-mL round-bottom flask. Solvent was removed 
in vacuo to afford crude bis-isocyanate which was directly hydrolyzed: 
IR (neat film from CDClJ 3052,3042,3027,2957,2250 (s), 1467, 1460, 
1356, 1312, 1226, 1168, 1116, 968, 943,900, 865 cm-'. 

To the crude 9,lO-dihydro-l l (S),12(S)-diisocyanato-9,1O-ethano- 
anthracene in THF (20 mL) was added 2.5 N aqueous sodium hydroxide 
(10 mL). The mixture was stirred in an unlighted hood for 2 h. 
Deionized water (10 mL) and ether (25 mL) were added, and the mix- 
ture was acidified to pH <1 (pH paper) by careful addition of concen- 
trated hydrochloric acid. The layers were separated, and the aqueous 
layer was washed with more ether (25 mL). Sodium hydroxide pellets 
were added with stirring (one at a time) to the aqueous solution until the 
solution became milky (pH 14, pH paper). The diamine was extracted 
with ether (40 mL) and then dichloromethane (2 X 40 mL). The com- 
bined organic layers were washed with saturated aqueous sodium chloride 
and dried over potassium carbonate. Removal of solvent in vacuo af- 
forded the crude diamine as beige crystalline solid 15 (1.55 g. 96.5%). 
The diamine was recrystallized from benzene to afford fluffy white di- 
amine (0.68 g, 42.3%). The mother liquor contained a large amount of 
product which was not isolated. 

Diamine 15: mp 153-156 OC (benzene); Rf0.43-0.58 (25% metha- 
nol/chloroform); IR (neat film from CDC1,) 3353, 3282, 3174, 3069, 
3041, 3021, 2930, 1585, 1465, 1458, 1O00, 925, 909 cm-'; IH NMR 
(CDC13, 400 MHz) 6 7.32 (m, 4 H), 7.16 (m, 4 H), 4.04 (s, 2 H), 2.67 
(s, 2 H), 1.43 (br s, 4 H, NH2); I3C NMR (CDCl,, 50 MHz) 6 142.21, 

(*0.6)' (c 2.275, methanol), [ala5 = +81.3 (*0.4)O (c 2.275, methanol), 
[a]D = +20.5 (kO.2)O (c 2.275, methanol). This compound was analyzed 
as the bis-N-acetyl derivative. Anal. Calcd for C2,,H2,,N202: C, 74.98; 
H, 6.29; N, 8.74. Found: C, 74.60; H, 6.26; N, 8.75. 

General Procedure A for the Preparation of Ligands witb 24s- 
phenylp4osphino)bic Acid Using DCC. Anhydrous solvent (THF or 
dichloromethane) was added to the alcohol or amine, excess 2-(di- 
pheny1phosphino)benzoic acid, and 5 mol % DMAP and DCC. The 

Hz, 2 H), 3.99 (dm, J 13.6 HZ, 1 H), 3.32 

= 15.2, 13.5 Hz, 2 H). I3C NMR (CDCI3, 50 MHz) 6 142.37, 138.31, 

13.6 Hz), 3.68 (dAB, J 

Hz, 2 H); "C NMR (CDCI3, 50 MHz) 6 173.22, 140.35, 138.82, 127.48, 

139.01, 126.50, 126.35, 126.15, 124.13, 62.17, 53.48; [a1577 +21.2 

Trost et al. 

resultant yellow, chalky mixture was stirred at room temperature until 
thin layer chromatography indicated complete reaction. The reaction 
mixture was filtered through a 2-cm pad of Celite (wetted with di- 
chloromethane), and the filter cake was washed twice with equal volumes 
of dichloromethane. Solvent was removed in vacuo, and the residue was 
chromatographed on silica gel. 

General Procedure B for tbe Preparation of Ligands with 24M- 
phenylpbosphia0)heozoic Acid Using DCC. DCC was added to the al- 
cohol or amine, excess 2-(diphenylphosphino)benmic acid, and 5 mol % 
DMAP in anhydrous solvent (THF or dichloromethane). The yellow, 
chalky mixture was stirred at room temperature until thin layer chro- 
matography indicated complete reaction. The reaction mixture was 
filtered through a 2-cm pad of Celite (wetted with dichloromethane), and 
the filter cake was washed twice with equal volumes of dichloromethane. 
Solvent was removed in vacuo, and the residue was chromatographed on 
a column of silica gel. 

(+)-N-Methylephodrine, 2-(Diphenylphphino)benzoPte Ester (4). In 
a typical p r d u r e  (procedure A), anhydrous dichloromethane (4 mL) 
was added to (+)-N-methylephedrine (0.2668 g, 1.488 mmol), 24di- 
pheny1phosphino)benzoic acid (0.4293 g, 1.402 mmol), DMAP (7.0 mg, 
0.057 mmol), and DCC (0.346 g, 1.677 "01). The mixture was stirred 
in an unlighted hood for 21 h. The reaction mixture was filtered through 
Celite to remove dicyclohexylurea, and the filter cake was washed with 
dichloromethane (10 mL). The filtrate was concentrated in vacuo and 
chromatographed on silica gel with 80% ethyl acetate/hexanes to afford 
the ester as a greenish-yellow glass (479.1 mg, 73.1%). 

Ugrad 4: glass, slowly decomposes with liberation of dimethylamine 
when stored at room temperature in a sealed flask in the dark; R, 
0.53-0.69 (ethyl acetate); [ a ] D  = +47.1 (M.2)O (c 3.98, dichloro- 
methane); IR (neat film from CDC13) 3400 (br), 3068,3055,3031,2976, 
2935,2860,2825,2779, 1716 (s), 1462, 1455, 1434, 1290, 1267, 1252, 
1140,1104,1055,744,697 cm-'; 'H NMR (CDCI,, 200 MHz) 6 8.20 
(m, 1 H), 7.18-7.45 (m, 17 H), 6.92 (m, 1 H), 6.08 (d, J = 5.3 Hz, 1 
H), 2.95 (dq, J = 5.4, 6.7 Hz, 1 H), 2.21 (s, 6 H), 1.07 (d, J = 6.7 Hz, 
3 H); I3C NMR (CDCI,, 50 MHz) 6 165.50 (d, J 2.7 Hz), 141.28 (d, 
Jccp = 28.2 Hz), 139.98, 138.25 (d, J c p  = 11.6 Hz), 137.96 (d, Jcp = 
12.4H~) ,  134.46,134.21 (d , Jmp=5 .6H~) ,  134.14(d,Jcp= 18.5Hz), 
133.79 (d,JmP = 5.1 Hz), 132.14, 130.75, 130.71, 128.54 (br, >1 peak), 
128.39, 128.29, 128.17, 127.42, 126.56, 75.39,63.46,40.96,9.51; LRMS 
( m / z )  305 (93), 183 (18), 162 (la), 72 (100); HRMS calcd for C39- 
H37N203P - Ci9H1,02P 162.1283), found 162.1281. 

(-) -Tris- 01,N2,0 3-[2- (dipbenylphosphino)benzoyl 1-L- ( + ) - tbreo -2- 
amino-l-phenyl-1,3-propmediol(5). In a typical procedure (procedure 
B), anhydrous dichloromethane (1.8 mL) followed by DCC (0.276 g, 1.4 
"01) was added to ~-(+)-rhree2-amino- l-phenyl-l,3-prOpanediOl (60.9 
mg, 0.364 mmol, Fluka), 2-(diphenylphosphino)benzoic acid (0.357 g, 
1.166 mmol), and DMAP (7.1 mg, 0.058 mL) at room temperature for 
14 h. The mixture was filtered through a 2-cm pad of Celite (wetted with 
dichloromethane), and the filter cake was washed with dichloromethane 
(2 X 2 mL). After concentration in vacuo, the residue was chromato- 
graphed on a 2.5- X 13-cm column of silica gel with 20% ethyl ace- 
tate/hexanes to give the triphosphine 5 as a white solid (369.4 mg, 
93.3%). 

Ligand 5 waxy solid (dichloromethane/hexane): mp 112-116 "C; 
RfO.39 (30% ethyl acetate/hexanes); [a]D = -21.5 (&O.l)" (c 1.78, 
dichloromethane); IR (neat film from CDC13) 3400 (br), 3260, 3054, 
1717 (s), 1667 (s), 1515, 1478, 1461, 1434, 1269, 1250, 1140, 1106, 
1056,744,697 cm-I; IH NMR (CDCl,, 400 MHz) 6 8.21 (m, 1 H), 8.12 
(ddd, J = 5 .5 ,  3.9, 3.4 Hz, 1 H), 7.0-7.5 (m), 6.90 (m, 3 H), 6.11 (d, 
J = 8.4 Hz, 1 H), 4.89 (ddd, J = 12.9, 8.2, 3.7 Hz, 1 H), 3.87 (ddABx, 
J 11.6, 3.7 Hz, 1 H); I3C NMR 
(CDCI,, 100 MHz) 6 168.91, 166.48 (d, J = 2.3 Hz), 165.92 (d, J 2.4 

11.6, 4.3 Hz, 1 H), 3.82 (ddABx, J 

Hz), 140.81 (d, J = 16.6 Hz), 140.30 (d, J = 19.2 Hz), 139.93 (d, J = 
25.4 Hz), 75.78, 52.27, 64.40, remaining peah 6 >lo0 could not be 
resolved; LRMS (LSIMS) (m/z )  1064 (54, bis-phosphine oxide), 1032 
(loo), 758 (22). 726 (29). 

The reaction was run with (-)-quinine (474 mg, 1.46 mmol, Merck), 
2-(diphenylphosphino)benzoic acid (0.452 g, 1.48 mmol), and DCC 
(330.3 mg, 1.60 mmol) in dichloromethane (3.1 mL) for 23 h. The 
residue was chromatographed on a silica gel with 2.5% methanol/chlo- 
roform to give an impure product which was loaded onto a column of 
silica gel and eluted with 50% ethyl acetate/hexanes to remove high Rf 
impurities, followed by straight ethyl acetate to elute the pure ester 3 
(0.532 g, 58.6%). 

Ligand 3: glass foam from dichloromethane; R, 0.75 (20% metha- 
nol/chloroform); [a]D = +45.0 (*0.3)O (c 2.49, dichloromethane); IR 
(neat film from CDC13) 3070, 2941, 2884, 1716 (s), 1622, 1593, 1509, 
1475, 1434, 1250, 1139, 1102, 1055, 1029, 912, 745, 732,697 cm-l; 'H 
NMR (CDCI,, 400 MHz) 6 8.66 (d, J = 4.6 Hz, 1 H), 8.09 (m, 1 H), 

(+)-Quiaiae, 2-(Diphenylpbosphiw)beauwto EPt- (3) (ProccaUre A). 



Ligand Design for Asymmetric Allylic Alkylations J .  Am. Chem. SOC.. Vol. 114, No. 24, 1992 9339 

7.98 (d, J = 9.2 Hz, 1 H), 7.45 (d, J = 2.7 Hz, 1 H), 7.12-7.42 (m, 14 
H),6.90(m,l H),6 .65 (d ,J=8 .2Hz) ,5 .86 (m, lH) ,6 .65 (d ,J=8 .2  
Hz, 1 H), 5.86 (m, 1 H), 5.04 (dt, J = 5.3, 1.4 Hz, 1 H), 5.005 (d, J = 
1.0 Hz, 1 H), 3.89 (s, 3 H), 3.43 (dd, J = 16.9, 8.3 Hz, 1 H), 3.01 (m, 
2 H), 2.57 (m, 1 H), 2.25 (m, 1 H), 1.89 (m, 1 H), 1.80 (m, 1 H), 1.66 
(m, 1 H), 1.49 (m, 1 H), 1.41 (dd, J = 13.4, 7.6 Hz, 1 H); I3C NMR 

141.28, 140.996, 137.86, 137.75, 137.415, 137.29, 134.40, 134.05, 133.85, 
133.81, 133.61, 133.56, 133.38, 132.29, 131.62, 130.60, 128.66, 128.60, 
128.48, 128.42, 128.29, 128.22, 128.18, 127.27, 121.78, 119.41, 119.41, 
114.38, 101.50, 73.81, 59.07, 56.36, 55.58, 42.16, 39.72, 27.66, 27.48, 
24.86, 14.16. (C-P coupling constants not removed); LRMS ( m / z )  612 
(2), 305 (loo), 277 (2), 227 (6). 199 (3), 183 (S), 155 (2), 152 (2), 136 
(8); HRMS calcd for C39H37N203P 612.2544, found 612.2542. 

(S)-(+)-Bis-0-[2-(diphenylphosphino)~nenzoyl~l,l'-binnphthol (6 )  
(Procedure B). The reaction was run with (S)-(-)-l,l'-binaphthol(96.8 
mg, 0.338 mmol), 2-(diphenylphosphino)benzoic acid (226.5 mg, 0.740 
mmol), and DCC (0.167 g, 0.809 mmol) in dichloromethane (1.5 mL) 
for 8 h. The residue was chromatographed on a 2- X 1 1-cm column of 
silica gel with 15% ethyl acetate/hexanes to give the diester as a white 
solid (193.5 me). The solid was recrystallized from hot dichloro- 
methane/hexanes to give the diester 6 as white needles (160 mg, 54.9%). 

Ligand (S)-(+)-6 white needles from dichloromethane/hexanes; mp 
114-116 OC; Rj 0.55 (30% ethyl acetate/hexanes); [ a ] D  = +55.44 
(f0.55)" (c 1.11, dichloromethane); IR (neat film from CDCI,) 3069, 
3056,3016,3002,2932,2855, 1955 (w), 1901 (w). 1817 (w), 1731 (s), 
1585,1511,1478,1463,1434,1267,1245,1220,1206,1137,1089, 1043, 
908, 807, 742, 696, 649 cm-I; 'H NMR (CDCl,, 400 MHz) 6 7.89 (d, 
J=8.9Hz,2H),7.85(d,J=7.9Hz,2H),7.38(td,J=6.9,1.2Hz, 
2 H), 7.08-7.30 (m, 28 H), 7.06 (ddd, J = 7.9, 3.7, 1.3 Hz, 2 H), 6.98 
(td, J = 7.5, 1.1 Hz, 2 H), 6.75 (ddd, J = 6.9, 4.0, 1.2 Hz, 2 H); "C 

137.92 (d, J = 11.2 Hz), 137.62 (d, J = 11.7 Hz), 134.02, 133.88, 
133.82, 133.75, 133.68, 133.61, 133.41, 133.16, 132.66, 132.49, 131.91, 
131.36, 130.78, 129.24, 128.55, 128.45, 128.37, 128.28, 127.73, 126.79, 
125.89, 125.55, 123.41, 121.88; LRMS ( m / z )  862 ( O S ) ,  558 (9). 557 
(22), 306 (19), 305 (87). 290 (21), 289 (loo), 242 (lo), 241 (18), 212 
(10). 211 (17). 183 (28); HRMS calcd for CS8HmO4P2 862.2404, found 
862.2406. Anal. Calcd for Cs8Hm0,P2.0.67H20: C, 79.62; H, 4.76. 
Found: C, 79.64; H, 4.85, and C, 79.58; H, 5.08. 

(-)-1,34,6-~-0-beozylideoe-~rrmnnitol, Bis[2-(diphenylp~p~o)-  
benzoate], Hemietherate Complex (7) (Procedure A). The reaction was 
run with 1,3:4,6-di-Obenzylidene-~-mannitoI (272 mg, 0.759 mmol), 
2-(diphenylphosphino)benzoic acid (0.5345 g. 1.745 mmol), and DCC 
(0.396 g, 1.92 mmol) in THF (5.5 mL) for 25 h. The residue was 
chromatographed on a 2- X 12-cm column of silica gel with 5-10% 
ether/hexanes to afford impure product. The impure product was mixed 
with hot ether, and dichloromethane was added with swirling until the 
mixture became homogeneous. The solution was stored in a refrigerator 
(7 "C), allowing the formation of diester 7 as clear plates. The crys- 
tallization was repeated once more for a total yield of 0.342 g (46.4%) 
for the two crops. The product holds 0.5 mol ether of crystallization. 

Ligand 7: mp 125-127 OC (plates from ether/dichloromethane); R, 
0.59 (30% ethyl acetate/hexanes); [ a ] D  = -47.83 (kO.39)O (c 1.68, 
dichloromethane); IR (neat film from CDC13 solution) 3069, 3056,2866, 
1955 (w), 1890 (w), 1816 (w). 1722 (s), 1585,1478, 1463,1435, 1377, 
1312,1266, 1249,1224, 1140, 1111, 1058, 1027,998,909,745,731,690 
cm-'; 'H NMR (CDCI,, 300 MHz) 6 8.16 (dd, J = 7.7, 3.7 Hz, 2 H), 
7.1-7.5 (m, H), 6.92 (dd, J = 7.8, 3.9 Hz, 2 H), 5.49 (ddd, J = 9.8, 9.2, 
5 . 3 H z , 2 H ) , 5 . 2 4 ( ~ , 2 H ) , 4 . 2 1 5 ( d d , J =  10.4,5.5Hz,2H),4.10(d, 
J = 9.5 Hz, 2 H), 3.48 (q, J = 7.0 Hz, 2 H, etherate), 3.23 (t, J = 10.4 
Hz, 2 H), 1.21 (t, J = 7.0 Hz, 3 H), etherate); I3C NMR (CDCl,, 50 
MHz) 6 165.49 (d, J = 2.6 Hz), 140.51 (d, J = 7.4 Hz), 137.98, 137.88, 
137.77, 137.65, 137.28, 134.60, 134.18, 133.90, 133.73, 133.51, 133.34, 
132.59, 131.30, 129.02, 128.79, 128.72, 128.65, 128.1-5 (m), 128.02, 
126.23, 100.87, 75.62, 67.30, 62.24; LRMS (LSIMS) ( m / z )  967 (12, 
bis-phosphine oxide), 935 (loo), 829 (lo), 629 (12), 523 (21). Anal. 
Calcd for Cs8H408P2: C, 74.51; H, 5.17. Found: C, 74.37; H, 5.55. 

( + )- 1,2:5,iDi- 0 -isopropylidene-3,4-bis- 0 -[2/- (dipheny lphosphino) - 
benzoyl+D-"nitol (8) (Procedure B). The reaction was run with 
(+)-1,2:5,6-di-Oisopropylidene-~-mannitol (0.105 g, 0.400 mmol, Ald- 
rich), 2-(diphenylphosphino)benzoic acid (0.269 g, 0.878 mmol), and 
DCC (0.206 g, 0.966 "01) in dichloromethane (1.4 mL) for 11 h. The 
residue was chromatographed on a 2- X 13-cm column of silica gel with 
10% ethyl acetate/hexanes to give the diester 8 as a clear oil (44.3 mg, 
13.2%). 

(CDCI,, 50 MHz) 6 165.80, 157.32, 147.42, 144.762, 143.09, 141.89, 

NMR (CDCI,, 100 MHz) 6 164.31, 146.73, 141.03 (d, J 27.5 Hz), 

Ligand 8: clear oil; Rj 0.83 (60% ethyl acetate/hexanes); [ a ] D  = 
+55.45 (i0.15)" (c 4.29, dichloromethane); IR (neat film from CDCI,) 
3070,3055,2987,2935,2890, 1724 (s), 1585, 1478, 1463, 1434, 1381, 
1372, 1245 (s), 1139, 1101, 1066, 1054, 909, 850, 745, 697 cm-I ;  'H 
NMR (CDCI,, 200 MHz) 6 8.15 (m, 2 H), 7.18-7.42 (m, 24 H), 6.94 
(m,2H),5.47(dt,J~6.0,1.1Hz,2H),4.07(q,J=6.1Hz,2H),3.68 
(dd, J =  8.5, 6.1 Hz, 2 H), 3.59 (dd, J = 8.6, 6.5 Hz, 2 H), 1.21 (I, 6 

(d ,J=28.8Hz) ,137 .97(d ,J=12.3Hz) ,134 .53 ,134 .18(d ,~=20.6  
Hz), 134.06 (d, J = 21.0 Hz), 133.30 (d, J = 18.1 Hz), 132.50, 131.24, 
128.811, 128.69, 128.55, 128.43, 109.30, 74.41, 72.40, 65.82, 26.18, 
24.96; LRMS (m/z)  823 (2), 305 (loo), 289 (8), 277 ( l l ) ,  227 (13), 199 

839.2905, found 839.2903. 
(-)-3-Azn-3-benzyl-l(R ),5(R )-dihydroxy-l,5-bis-O-[2~-(diphenyl- 

phosphiw)be"yl#l,S-diphenylpentane (9) (Procedure B). The reaction 
was run with 3-aza-3-benzyl- 1 (R),S(R)-dihydroxy- 1,s-diphenylpentane 
(0.223 g, 0.642 mmol), 2-(diphenylphosphino)bcnzoic acid (0.41 3 g, 
1.348 mmol), and DCC (0.285 g, 1.38 "01) in dichloromethane (3 mL) 
for 36 h. The residue was chromatographed on a 2.5- X 14-cm column 
of silica gel with 5% ethyl acetate/hexanes and then rechromatographed 
with 5:2075 ethyl acetate/chloroform/hexanes to afford ligand 9 as a 
glassy oil (0.179 g, 30.2%). 

Ligand (-)-9 glass oil; Rf0.60 (30% ethyl acetate/hexanes); [ a ] D  = 
-5.04 (10.4)O (c 1.79, dichloromethane); IR (neat film from CDCI,) 
3066,3031,2957,2929,2830, 1952 (w), 1882 (w), 1813 (w), 1716 (s), 
1586,1495,1478,1463,1455,1434, 1361, 1310, 1268, 1252,1141,1106, 
1057, 1027, 1002,965,909 cm-I; 'H NMR (CDCl,, 300 MHz) 6 8.05 
(m, 2 H), 6.85-7.4 (m, 34 H), 5.90 (t. J = 6.6 Hz, 2 H), 3.68 (d, J = 
4.0 Hz, 2 H), 3.47 (d, J = 4.0 Hz, 2 H), 2.84 (m, 4 H); I3C NMR 

138.18, 138.01, 134.66, 134.44, 134.28, 134.23, 134.01, 133.96, 132.03, 
130.98, 128.85, 128.68, 128.59, 128.50, 128.28, 128.17, 128.07, 127.89, 
127.79, 127.17, 127.07, 126.73, 74.3, 58.98, 58.52; LRMS (LSIMS) 
(m/e )  924 (55), 618 (76), 528 (100). 

(+)- (2R ,3R ) -N-Benzyl-f lbis-0 42'- (diphenylphapphino)henzoyl# 
tnrtrimide (10) (Procedure A). The reaction was run with (+)- 
(2R,3R)-N-benzyltartrimide (0.303 g, 1.37 mmol), 2-(diphenyl- 
phosphino)benzoic acid (0.922 g, 3.01 mmol), and DCC (0.649 g, 3.45 
mmol) in THF (5 mL) for 24 h. The residue was chromatographed on 
a 2.5- X 13-cm column of silica gel with 10-20% ethyl acetate/hexanes 
(gradient) to afford ligand 10 as an oil (0.88 g, 70.4%). 

Ligand (+)- lo  clear oil; Rj0.36 (1:l ether/hexanes); [ a ] D  = +77.5 
(f0.3)' (c 1.025, dichloromethane); IR (neat film from CDCI,) 3056, 
3070,2935, 1955 (w), 1888 (w), 1804 (w), 1730 (s), 1586, 1479, 1463, 
1435,1399, 1350,1332,1271,1249, 1171, 1138, 1105, 1069, 1037,998, 
909 cm-'; IH NMR (CDCI,, 200 MHz) 6 8.08 (m, 2 H), 7.13-7.45 (m, 
29 H), 6.92 (m, 2 H), 4.73 (d, J = 14.2 Hz, 1 H), 4.58 (d, J = 14.2 Hz, 

J = 28.8 Hz), 137.66 (d, J = 11.2 Hz), 137.39 (d, J = 11.6 Hz), 134.72, 
134.46, 134.16(d,J=20.9Hz), 134.00(d,J=20.7Hz), 132.96, 132.17 
(d, J = 18.6 Hz), 131.75, 131.72, 128.94 (br), 128.81, 128.77, 129.19 
(d, J =  4.6 Hz), 128.56, 128.36, 128.23,73.03,42.81; LRMS (m/z)  475 
(13), 384 (9), 366 (S), 337 (8), 307 (8), 306 (43), 305 (loo), 303 (7), 
289 (6), 285 (S), 278 (12), 277 (52), 229 ( l l ) ,  228 (9), 227 (14), 216 
(8), 201 (12); HRMS calcd for C4&,NO6P2 + H+ 798.2176, found, 
798.2174. Anal. Calcd for C49H3,NO6P2: C, 73.77; H, 4.67. Found: 
C, 73.50; H, 5.01. 

(-)- 1 (R ),2(R )-Bis[Z'-(diphenyIphosphiao)benumido]- 1,2-dipheoyl- 
ethane ((-)-ll) (Procedure B). The reaction was run with (+)-1(R),2- 
(R)-diphenylethanediamine (0.338 8, 1.59 "01, [ a ] D  = +103.0 (A0.8)' 
(c 1.1 15, methanol)), 2-(diphenylphosphino)benzoic acid (1.024 g, 3.334 
mmol), and DCC (0.720 g. 3.493 mmol) in dichloromethane (10 mL) 
for 4 h. The residue was chromatographed on a 4- X 1 1-cm column of 
silica gel with 1:3 ether/hexanes (100 mL) and then 30% ethyl ace- 
tate/hexanes (400 mL) followed by 50% ethyl acetate/hexancs (200 mL) 
to elute the diamide (-)-11 as a glass (0.798 g, 63.5%). 

Ligand (-)-ll: white solid precipitated from dichloromethane with 
hexanes; mp 135-136 OC; RjO.61 (60% ethyl acetate/hexanes); [ a ] D  = 
-27.5 (f0.5)" (c, 1.63, dichloromethane); IR (neat film from CDC1,) 
3410,3326 (br), 3071,3046,2979,2937,2873,1956 (w), 1889 (w), 1818 
(w), 1733, 1653 (s), 1586, 1564, 1514 (s), 1459, 1154, 1122, 1091, 1071, 
1046, 1028 cm-I; 'H NMR (CDCl,, 200 MHz) 6 7.64 (m, 2 H), 
7.15-7.35 (m, 16 H), 7.05-7.15 (m, 16 H), 6.88493 (m. 6 H), 5.37 (m, 

138.40, 137.69 (d, J = 12.2 Hz), 137.34 (d, J = 12.0 Hz), 136.77 (d, J 
= 22.4 Hz), 134.34, 133.87 (d, J = 20.5 Hz), 133.67 (d, J = 21.2 Hz), 
130.28, 128.70, 128.48, 128.39, 128.33 (br, >1 signal), 127.91, 127.86, 
127.63, 127.49, 59.60; LRMS (m/e )  789 (O.l), 788 (0.2), 787 (O.l), 786 
(O.l), 772 (O.l), 771 (OS), 770 (0.8), 590 (2). 481 (6), 404 (a), 403 (8), 

H), 1.20 ( ~ , 6  H); "C NMR (CDCl3, 50 MHz) 6 165.46, 165.40, 141.71 

(lo), 183 (13), 165 (a), 152 (8); HRMS mlcd for C,&IeO,Pz + H+ 

(CDCl3, 75 MHz) 6 165.98, 140,85, 140.81, 139.23, 138.83, 138.35, 

2 H); "C NMR (CDCl,, 75 MHz) 6 168.94, 165.57, 165.54, 141.63 (d, 

2 H); "C NMR (CDCl,, 100 MHz) 6 169.20, 140.53 (d, J 24.5 Hz), 
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and anhydrous THF was added. The black-purple slurry was stirred at 
room temperature until a homogeneous solution was obtained and then 
at 50 OC for 10 min, resulting in a clear, red-orange solution (0.05 M 
in palladium). The catalyst solution was then cooled to 0 OC, and the 
bis-carbamate solution was added dropwise. The reaction was stirred at 
0 OC until thin layer chromatography (50% ethyl acetate/hexanes) in- 
dicated complete consumption of bis-carbamate, and solvent was then 
removed in vacuo. The resulting brown-orange oil was directly chro- 
matographed on silica gel with 10-2056 ethyl acetate/hexanes (gradient) 
to afford scalemic oxazolidinone 2. 

Oxuolidiaooe 2: mp 131 OC; Rf0.59 (50% ethyl acetate/hexanes); 
IR (neat) 3072, 2983, 2925, 1776 (s), 1596, 1365, 1169, 1144, 1091, 

(d, J = 8.4 Hz, 2 H), 7.36 (d, J = 8.1 Hz, 2 H), 6.02 (m, 2 H), 5.29 (dd, 
J =  7.4, 1.3 Hz, 1 H), 5.11 (ddd,J= 8.3, 5.8, 1.8 Hz, 1 H), 2.83 (m, 
1 H), 2.68 (m, 1 H), 2.45 (s, 3 H); I3C NMR (CDC13, 100 MHz) 6 
151.35, 145.52, 134.99, 133.86, 129.75, 128.33, 127.97, 76.74, 66.26, 
38.95,21.68; LRMS (m/z)  215 (42), 171 (21), 170 (33), 139 (3), 119 
(4), 96 (2), 92 (13), 91 (100); HRMS calcd for CI3Hl3NO4S - SO2 
215.0946, found 215.0945. Anal. Calcd for CI3Hl3NO,S: C, 55.90; H, 
4.69; N, 5.01; S, 11.48. Found: C, 55.91; H, 4.57; N, 4.92; S, 11.37. 

Palladium Catalysis with Chin1 Ligand (+)-13 (Table I, Entry 13). 

(scrlemic) (2). In a typical p r d u r e ,  a IO-mL flask was charged with 
1(R)*,4(S)*-dihydroxycyclopent-2-ene (51.1 mg, 0.51 "01) under ni- 
trogen. Anhydrous THF (0.50 mL) was added, and the mixture was 
stirred at room temperature to give a clear, colorless solution. p 
Toluenesulfonyl isocyanate (0.159 mL, 206 mg, 0.766 "01) was added 
dropwise, resulting in an exothermic reaction, and the solution was stirred 
at 50 OC for 1 h. 

To a 10-mL round-bottom flask containing ligand (+)-13 (39 mg, 48 
mmoi, [alms = +211 (fO.3)O (c  3.35, dichloromethane)) and tris(di- 
benzylideneacetone)dipalladium(O)chloroform complex (12.8 mg, 12.4 
"01) under nitrogen was added anhydrous THF (0.5 mL). The 
black-purple slurry was stirred at room temperature until a homogeneous 
solution was obtained and then at 50 OC for 10 min, resulting in a clear, 
orange solution. The catalyst solution was then cooled to 0 OC, and the 
bis-carbamatc solution was added dropwise.. The reaction was stirred at 
0 OC for 20 min, and then solvent was removed in vacuo. The resulting 
brown-orange oil was directly chromatographed on 1.5- X 13-cm silica 
gel with 10-20% ethyl acetate/hexanes (gradient) to afford scalemic 
oxamlidinone 2 (0.1344 g, 94.3%, [ a ] D  = -124.2 (fO.l)o (c  3.41, di- 
chloromethane)) (88.1% optical purity, based on (S)-a-methoxy- 
phenylacetate-derived value for   CY]^). 

(20). A 5-mL round-bottom flask equipped with a reflux condenser was 
charged with scalemic oxazolidinone 2 (33.6 mg, 0.120 "01, [ a ] D  = 
-41.48 (+O.lO)o (c 3.05, dichloromethane)), potassium carbonate (35.6 
mg, 0.258 mmol), and a stir bar. Methanol (0.4 mL) and water (40 mL) 
were added, and the mixture was stirred at 65 OC for 2.5 h. 

After the mixture was cooled to room temperature, glacial acetic acid 
was added until the mixture became homogeneous (about 6 drops). 
Following removal of solvent in vacuo, the mixture was flushed through 
a short column of silica gel to remove the potassium acetate. Removal 
of solvent in vacuo gave an oily residue. The residue was taken up in a 
very small amount of dichloromethane and precipitated with hexanes. 
Removal of solvent in vacuo gave 28.3 mg of scalemic hydroxy sulfon- 
amide 20 as a white solid (28.3 mg, 92.8%). 

Hydroxy s d f o d d e  20: white waxy solid; mp 98-100 OC; Rf 0.36 
(50% ethyl acetate/hexanes); IR (neat film evaporated from CDCl, 
solution) 3801 (br), 3494 (br), 3278,3222,3061,2940, 1600,1449, 1327, 
1160, 1126, 1093, 1037,997,933,838,814,707,666 cm-'; 'H NMR 

Hz, 2 H), 5.83 (m, 1 H, H-3), 5.38 (m. 1 H, H-4), 5.04 (br d, J = 7.7 
Hz, 1 H, N-H), 4.24 (m, 2 H, H-1, H-2), 2.58 (dtd, J =  17.5,4.85, 2.6 
Hz, 1 H, H-la), 2.45 (8, 3 H, Ar-CH3), 2.32 (ddt, J = 17.5,4.4, 1.8 Hz, 
1 H, H-lb); I3C NMR (CDCI,, 50 MHz) d 143.81 (Ar-C-l), 137.79 
(Ar-C-4), 131.92 (C-3), 129.90 (Ar-C-2), 129.29 (C-4), 127.37 (Ar-C- 
3), 70.29 (C-2), 61.40 (C-1). 39.97 ((2-9, 21.23 (Ar-CH,); LRMS 
( m / z )  253 (0.9), 210 ( 9 ,  198 (4), 197 (33 ,  172 (3), 157 ( 9 ,  156 (4), 
155 (37), 139 (13). 133 (21), 132 (4), 124 (3), 108 (9,107 (7). 98 (100); 
HRMS calcd for C12HISN03S 253.0774, found 253.0762. 
(-)-4(R )-[(S)-a-Methoxyphenylacetoxy]-3(S)-p -toluenesdfon- 

amidocyclopeat-l-ene (214. To a stirred solution of S-(+)-a-methoxy- 
phenylacetic acid (62.4 mg, 0.376 mmol), 4(S)-hydroxy-3 (R)-p- 
toluenesulfonamidocyclopent-1-ene (20) (79.3 mg, 0.313 mmol, prepared 
from ligand (-)-ll), and DCC (77.5 mg, 0.376 mmol) in anhydrous 
dichloromethane (1.2 mL) was added DMAP (1.9 mg, 15.7 "01). The 
mixture was stirred at room temperature for 26 h. The reaction slurry 
was filtered through a 1-cm pad of Celite wetted with dichloromethane. 

1052,815,753,705,661,609 cm-'; 'H NMR (CDCI3,200 MHz) d 7.95 

l - @ - T ~ y ~ ~ 0 0 y l ) ~ y ~ l o p e a t - 5 - e w [ 4 , l d 1 - ( 3 r S  )-0~r~olidi11-2-0ae 

4(S)-Hydroxy-3( R ) - p - t d d d d o C y C l o p t -  1- ( W C )  

(CDCI,, 200 MHz) d 7.82 (dt, J = 8.4, 2.1 Hz, 2 H), 7.34 (d, J 8.1 

394 (12). 392 (7), 306 (8), 305 (49), 304 (loo), 303 (24), 201 (9), 199 
(a), 184 (6), 183 (35), 181 ( l l ) ,  180 (67); HRMS calcd for C5zH42- 
N202P2 788.2725, found, 788.2722. Anal. Calcd for Cs2Hd2N202P2: C, 
79.17; H, 5.37; N, 3.55; P, 7.85. Found: C, 79.17; H, 5.37; N, 3.50; P, 
8.24. 

etlmne ((+)-11) (Pro" B). The reaction was run with (-)-1(S),2- 
(S)diphenylethancdie  (0.338 g, 1.59 "01, [a]D = -104.0° (c  1.09, 
methanol), 2-(diphenylphosphino)benmic acid (1.024 g, 3.343 mmol), 
and DCC (0.720 g, 3.493 mmol) in dichloromethane (10 mL) for 6 h. 
The residue was chromatographed on a 4- X 1 1-cm column of silica gel 
with 1:3 ether/hexanes (100 mL) and then 30% ethyl acetate/hexanes 
(400 mL) followed by 50% ethyl acetate/hexanes (200 mL) to elute the 
diamide 11 as a glass (0.980 g, 78.0%). 

Lip.lla (+)-11: white solid precipitated from dichloromethane with 
hexanes; Rf0.61 (60% ethyl acetate/hexanes); [ a ] D  = +27.4 (k0.6)' (c 
1.62, dichloromethane). 

cyclohexane (12) (Procednre A). The reaction was run with (-)-1- 
(R),2(R)-diaminocyclohexane (0.5349 g, 4.68 mmol), 2-(diphenyl- 
phosphino)benmic acid (3.019 g, 9.83 mmol), DMAP (61.0 mg, 0.500 
mmol), and DCC (2.13 g, 10.3 mmol) in dichloromethane (30 mL) for 
6 h. The rtsidue was chromatographed on silica gel with 15-3096 ethyl 
acetate/hexanes (gradient) followed by recrystallization from dichloro- 
methane/ether to give the diamide 12 (2.96 g, 89.9%). [a]D = +55.1° 
(c  2.85, dichloromethane). 

Using (-)-1 (R),2(R)-diaminocyclohexane obtained from Aldrich, 
ligand 12 was obtained as a waxy solid which precipitated from di- 
chloromethane with hexanes, mp 80-120 OC, Rf 0.43 (50% ethyl ace- 
tate/hexanes), [ a ] D  = 46.7 (f0.3)O (c. 2.366, dichloromethane). This 
sample was used for the cyclizations to oxazolidin-Zones which suggests 
that the ee's obtained may be lower than they should be if the higher 
rotating diamide were employed, IR (neat film from CDCI,) 3303,3070, 
2935,2857,1955 (w), 1887 (w), 1817 (w), 1645 (s), 1538, 1478, 1434, 
1328, 1306, 1162, 1091,909 cm-I; IH NMR (CDC13, 200 MHz) 6 7.57 
(m, 2 H), 7.15-7.26 (m, 24 H), 6.91 (m, 2 H), 6.31 (br d, J = 7.7 Hz, 
2 H, N-H), 3.77 (m, 2 H), 1.87 (m, 2 H), 1.62 (m, 2 H), 0.9-1.3 (m, 

137.96 (d, J = 11.8 Hz), 137.88 (d, J = 12.3 Hz), 136.81 (d, J = 21.6 
Hz), 134.34, 133.97 (d, J = 20.3 Hz), 130.23, 128.79, 128.66, 128.57, 
128.51, 128.43, 127.63, 127.55,53.68, 31.71, 24.41; LRMS (FAB) (m/e) 

( 5 ) ,  227 (38). Anal. Calcd for CllH42N202P2: C, 76.29; H, 6.11; N, 
4.04; P, 8.94. Found: C, 76.16; H, 6.28; N, 4.02; P, 8.93. 

(+)- 11 (S ),12( S )-Bis[2'- (diphenylphosphiao)b~zamido]-9,10-di- 
hydm9,lOeth"thra- (13) (Procedure B). The reaction was run 
with (+)-11 (S), 12(S)-diamino-9,10-dihydro-9,10-ethanoanthracene 
(0.253 g, 1.071 mmol, [alms = +81.3O (c 2.275, methanol)), 24di- 
pheny1phosphino)benzoic acid (0.6887 g, 2.248 mmol), and DCC (0.463 
g, 2.248 mmol) in dichloromethane (5 mL) for 10 h. The residue was 
chromatographed on a 4.5- X 11.5-cm column of silica gel with 900 mL 
of 30% ethyl acetate/hexanes to give diamide 13 as a glass foam (0.860 
g, 98.8%). 

Ligand (+)-13 glass foam; Rf 0.63 (50% ethyl acctate/hexanes); 
[alas = +211.2 (fO.3)O (c 3.35, 26 OC, dichloromethane); [a]477 = 
+84.7 (fO.3)O (c 3.35, 25 OC, dichloromethane); IR (neat film from 
CDCI,) 3418, 3396, 3305 (br), 3070, 3053, 3026, 1955 (w), 1905 (w), 
1885 (w), 1818 (w), 1652 (s), 1585, 1505 (s), 1480, 1459, 1327, 1308, 
1293,1250. 1228, 1155, 1124, 1090, 1027,909 an-'; 'H NMR (CDCl,, 
200 MHz) 6 7.0-7.45 (m, 34 H), 6.95 (m, 2 H), 5.72 (br d, J = 6.8 Hz, 
2 H, N-H), 4.42 (d, J = 2.4 Hz, 2 H), 3.94 (m, 2 H); "C NMR (CDCI,, 
100 MHz) 6 169.00, 141.17 (d, J = 26 Hz), 141.028, 136.76 (d, J = 12 
Hz), 137.36 (d, J = 11.6 Hz), 136.45 (d, J = 21.5 Hz), 134.54, 133.95 
(d, J = 20.3 Hz), 133.79 (d, J = 20.2 Hz), 130.36, 128.88, 128.79, 
128.74, 128.65, 128.63, 127.60 (d, J = 5.1 Hz), 126.75, 126.64, 126.03, 
124.83; LRMS (m/z) 183 (38), 241 (15), 289 (loo), 305 (40), 321 (22), 
509 (12), 913 (69); HRMS calcd for C54H42N202P2 + H+ 813.2803, 
found 813.2800. Anal. Calcd for CYH42N202P2: C, 79.79; H, 5.21; N, 
3.45. Found: C, 80.01; H, 5.28; N, 3.36. 

General Procedure for Palladium Catalysis with Chiral2-(Diphenyl- 
plwphiw)benzorte Esters (See Table I for summary of catalysis using 
chiral ester and amide ligands derived from 2-DPPBA). 1-@-Tolyl- 
s u l r o a y l ) c y c l o p e a t - s 4 ~ ~ E ( ~ , ~ ) - o n u o l i d i n - % o w  (Sakmic) 
(2). To a 1 M solution of l(R)*,4(S)*-dihydroxycyclopent-2-ene in 
anhydrous THF was added ptoluenesulfonyl isocyanate (205 mol %) 
dropwise, resulting in an exothermic reaction. The solution was stirred 
at 50 OC for 1 h. 

A dry flask was charged with chiral ligand (15-20 mol % for mono- 
dentate and 7.5 mol % for bidentate ligands) and tris(dibenzy1idene- 
acetone)dipalladium(O)shloroform complex (2.5 mol 96) under nitrogen, 

(+ )- 1 (S),2(S )-BY2'-( diphenylphoephiao) be"id0E 1,2-diphe11yl- 

(+)-1,%B&-N42'-( dipbenylphosphiao)b~yl) 1 (R ),2(R ) -dh& 

6 H); I3C NMR (CDCI,, 50 MHz) 6 169.46, 140.80 (d, J = 24.2 Hz), 

722 (25, bis-phosphine oxide), 690 (as), 614 (4), 613 ( S ) ,  538 (IO), 307 
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The filter cake was washed with dichloromethane (3 X 5 mL), and 
solvent was removed in vacuo. The residue was chromatographed on 2- 
x 14-cm silica gel with 25% ethyl acetate/hexanes to afford ester prod- 
ucts (135.6 mg, 107%). The entire sample was dissolved in dichloro- 
methane, and an aliquot was removed for 'H NMR analysis. Integration 
of diastereomeric signals showed a 9.4:l ratio of diastereomers 2lr  and 
2lb. 

An analytical sample of the major diastereomer 21. was prepared by 
crystallization from ethyl acetate/hexanes followed by trituration with 
30% ethyl acetate/hexanes. Ester 21.: mp 98-100 OC (ethyl acetate/ 
hexanes); Rf0.53 (50% ethyl acetate/hexanes); [.ID = -9.0 (f0.2)O (c  
1.56, dichloromethane); IR (neat film evaporated from CDCll solution) 
3312 (br), 2936, 1746 (s), 1599,1495, 1331, 1163, 1014,990,912,816 
cm-I; 'H NMR (CDCl,, 200 MHz) 6 7.63 (br d, J = 8.2 Hz, 2 H), 7.39 
(m, 5 H), 7.25 (br d, J = 8.0 Hz, 2 H), 5.70 (ddd, J = 5.9,4.9, 2.5 Hz, 
1 H), 5.50 (m, 1 H), 5.07 (td, J = 6.0,2.0 Hz, 1 H), 4.72 (br d, J = 10.6 
Hz, 1 H,NH), 4.69 (s, 1 H),4.48 (m, 1 H), 3.40 (9, 3 H), 2.42 (s, 3 H), 
2.55 (dddd, J = 18.0,6.2,2.3, 1.7 Hz, 1 H), 2.45 (m, 1 H), 2.05 (br d, 

137.68, 135.94, 130.88, 129.88, 129.72, 128.81, 128.72, 127.09, 126.97, 
81.92,72.48,59.60,57.15,37.68,21.27; LRMS (m/z )  252 (17), 235 (8), 
186 (9,172 (a), 171 (7), 148 (lo), 122 (70), 121 ( 5 5 ) ,  118 (7), 105 (18), 
92 (12). 91 (100); HRMS calcd for C21H23N05S - CgHgOZ 252.0694, 
found 252.0696. Anal. Calcd for Cz1Hz3N05S: C, 62.83; H, 5.77; N, 
3.49. Found C, 62.96; H, 6.04; N, 3.43. 

1-(p-TolyLsullonyl)-4(S)-[(benyloxy)methyl)eyclopent-5-e0~4,5- 
d)-(3dt,6&)-0~8zolidin-2-one (scplemic) (17). To a stirred solution 
of diol 16 (83.4 mg, 0.379 mmol) in anhydrous THF (0.38 mL) was 
added ptoluenesulfonyl isocyanate (1 18 mL, 0.776 "01). The mixture 
was stirred at 50 OC for 0.5 h. To a mixture of tris(dibenzy1idene- 
acetone)dipalladium(O)-chloroform complex (9.8 mg, 9.5 mmol) and 
ligand (+)-13 (23.1 mg, 28.4 mmol) was added anhydrous THF (0.10 
mL), and the mixture was stirred till a clear, tan-yellow solution was 
obtained. The catalyst solution was then cooled to 0 OC, and the bis- 
carbamate solution was added dropwise. Residual bis-carbamate was 
transferred with more THF (0.10 mL), and the reaction was stirred at 
0 OC to room temperature over 3 h and then at room temperature for 27 
h. Solvent was removed in vacuo, and the residue was chromatographed 
on a 2- X 12-cm column of silica gel with 10-20% ethyl acetate/hexanes 
to afford the oxazolidinone 17 as a glassy oil (1 10.4 mg, 73.096, [ a ] D  = 
-69.2 (f0.4)O ( E  1.10, dichloromethane)). 

cyclopent-1-ene (Wemic) (22). A slurry of scalemic oxazolidinone 17 
(33.6 mg, 0.120 "01, [ a ] D  = -69.2 (a0.4)" (c 1.10, dichloromethane)) 
and potassium carbonate (84 mg, 0.61 mmol) in 1O:l methanol/water 
(2.2 mL) was stirred at room temperature for 2 h and at 60 OC for 2.5 
h. After the mixture was cooled to room temperature, glacial acetic acid 
was added (6 drops) and solvent was removed in vacuo. Water (10 mL) 
was added, and the aqueous phase was extracted with dichloromethane 
(3 X 15 mL). The organic layer was washed with saturated aqueous 
sodium chloride and dried over magnesium sulfate, and the solvent was 
removed in vacuo to afford hydroxy sulfonamide 22 as a thick oil (96.2 
mg, 93.2%) which was directly acylated with (S)-(+)-a-methoxy- 
phenylacetic acid. 

Hydroxy sulfonamide 22: mp 82-84 OC; Rf0.67 (80% EtOAc/Hex); 
IR (neat) 3500 (br), 3287 (br), 3062, 3030, 2923, 2862, 1597, 1455, 
1362, 1329, 1160, 1092, 1027, 930, 815, 737 cm-I; 'H NMR (CDCl,, 
400 MHz) 6 7.79 (d, J = 8.31, 2 H), 7.26-7.37 (m, 7 H), 5.75 (ddd, J 
= 5.8, 2.1, 2.0 Hz, 1 H), 5.52 (dt, J =: 5.9, 2.0 Hz, 1 H), 5.00 (br d, J 

Hz, 1 H), 4.08 (m, 1 H), 3.5 (dd , J=  9.1, 5.3 Hz, 1 H, H-6), 3.35 (dd, 
J = 9.91, 7.0 Hz, 1 H, H-6). 2.87 (m, 1 H, H-5), 2.44 (9, 3 H, Ar-CH,), 
2.25 (br d, J = 3.7 Hz, OH); I3C NMR (CDCI,, 75 MHz) 6 143.83, 
138.19, 137.44, 13.87, 130.74, 129.92, 128.58, 127.87, 127.73, 127.36, 
73.34,73.16,70.57,60.27, 52.94,21.32; LRMS ( m / z )  282 (9). 252 (2), 
236 (2), 234 (4), 218 (24), 188 (3), 156 (2), 139 (2), 112 ( 5 ) ,  111 (7), 
110 ( l l ) ,  107 (4), 97 (3), 96 (lo), 94 (3), 91 (16), 91 (100); HRMS 
calcd for C&IZ3NO4S - C7H7 282.0799, found 282.0796. 

S(R )-[ (Benzyloxy)methyl]-4(S)-[ (S)-a-methoxyphenylacetoxy]- 
3 ( R ) - p - t o l ~ ~ m i d o c y c l o ~ t - l - e n e  (23.) rod S(S)-[(benzyl- 

amidocyclopent-1-ene (23b). To a stirred solution of DMF (0.10 mL, 
1.29 mmol) in anhydrous acetonitrile (0.50 mL) at -15 OC was added 
dropwise freshly distilled oxalyl chloride (30.8 mL, 0.322 mmol). The 
mixture was stirred at -15 OC for 15 min, and (5')-(+)-a-methoxy- 
phenylacetic acid (53.5 mg, 0.322 mmol) was added to give a clear 
solution which was stirred at -15 OC for 15 min. 

A solution of scalemic hydroxy sulfonamide 22 (96.2 mg, 0.258 "01) 
and pyridine (57.3 mL, 0.708 mmol) in anhydrous acetonitrile (0.20 mL) 
was added dropwise. Residual alcohol/pyridine was transferred with 

J 18.0 Hz, 1 H); I3C NMR (CDC13, 50 MHz) 6 169.77, 143.78, 

5(S)-(Benzyl0~y)~thyethyl-4(S)-hydroxy-3(R ) - p - t O l d O " i d e  

= 7.24, 1 H, N-H), 4.49 (s, 2 H, PhCHzO), 4.26 (ddd, J 8.0, 6.2, 1.9 

oxy)wthyl]-4(R)-[(S)-a-methoxypbeayLcxy)-3(~)-p-t01~~ 
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more acetonitrile (0.10 mL), and the solution was stirred at -15 O C  to 
room temperature until thin layer chromatography (50% ethyl acetate- 
/hexanes) indicated consumption of starting material (about 6 h). Di- 
chloromethane (40 mL) was added, and the solution was washed with 
0.5 N sodium bisulfate (10 mL), saturated aqueous sodium bicarbonate 
(10 mL), and saturated aqueous sodium chloride (10 mL). The organic 
layer was dried over magnesium sulfate, and solvent was removed in 
vacuo to give a beige oil. The residue was chromatographed on 2- X 
13-cm silica gel with 20-302 ethyl acetate/hexanes to afford ester 
products (120 mg, 89.3%). The entire sample was dissolved in di- 
chloromethane, and an aliquot was removed for 'H NMR analysis. In- 
tegration of diastereomeric signals showed a 2.243:l ratio of diasterco- 
mers 23r and 23b. 

Esters 23. and 23b (major and d o o r  dinstereomen): oil; R 0.71 
(50% ethyl acetatelhexanes) inseparable; IR (neat f h  evaporatedfrom 
CDCl, solution) 3300 (br), 3070,3040,2935,2870,1755 (s), 1600, 1490, 
1455,1335,1160,1090,920,815,730,695,660 cm-I ;  'H NMR (CDC13, 
major diastereomer, 400 MHz) 6 7.2-7.5 (m, 7 H), 7.14 (dm, J = 7.9 
Hz), 5.74 (dt, J = 5.9, 2.7 Hz, 1 H, H-3), 5.63 (dm, J = 5.9 Hz, 1 H, 
H-4), 4.80 (dm, J = 4.0 Hz, 1 H, H-l), 4.73 (s, 1 H, a-H), 4.45 (m, 2 
H, N-H, H-2), 4.41 (8, 2 H, PhCHz), 3.39 (s, 3 H, OCH,), 3.48 (dd, 
J = 9.2, 5.2 Hz, 1 H, H-6a), 3.36 (m, 1 H, H-6b), 2.80 (m, 1 H, H-9 ,  
2.39 (s, 3 H, Ar-CH,); 'H NMR (CDCI,, minor diastereomer, 400 
MHz) 6 7.61 (dm, J = 8.3 Hz, 2 H), 7.2-7.5 (m, 7 H), 5.70 (dt, J = 5.8, 

6.0, 2.7 Hz, 1 H, H-1), 4.71 (s, 1 H, a-H), 4.63 (d, J = 10.1 Hz, 1 H, 
N-H), 4.55 (m, 1 H, H-2), 4.38 (9, 2 H, PhCHz), 3.40 (s, 3 H, OCHJ, 
3.36 (m, 2 H, H-6a,b), 2.62 (m, 1 H, H-5), 2.42 (s, 3 H, ArCH,); I C  

137.47, 137.00, 135.92, 135.87, 133.15, 132.18, 13 1.99, 130.92, 129.65, 
129.50, 129.18, 129.07, 128.68, 128.60, 128.27, 127.52, 127.31, 127.27, 
126.96, 126.90, 126.84, 126.78,82.31, 82.02,75.36, 74.74, 73.01,72.96, 
69.56, 69.52, 59.36, 59.13, 57.37, 57.23, 51.83, 51.00, 21.44. 

Ouzolidinone (!3demic) 19. To a stirred solution of l(R),4(S)-di- 
hydroxy-endo-tricyclo[4.2.2.l]undeca-2,8-diene (18) (96.1 mg, 0.540 
"01) in anhydrous THF (0.5 mL) at room temperature was added 
p-toluentsulfonyl isocyanate (169 mL, 1 .lo7 mmol). The solution was 
stirred at 50 OC for 2 h. 

Meanwhile, a 10-mL round-bottom flask was charged with tris(di- 
benzylideneacetone)dipalladium(O)-chloroform complex, Pd,(dba),. 
CHCl, (14.0 mg, 13.5 mmol), (R,R)-DPEDA ligand (-)-11 (31.9 mg, 
40.5 mmol), and a stir bar and fitted with a septum under nitrogen. 
Anhydrous THF (0.50 mL) was added, and the mixture was stirred at 
50 OC for 20 min to give a clear, orange solution. The catalyst solution 
was then allowed to cool to room temperature, and the bis-carbamate 
solution was added dropwise. Residual bis-carbamate was transferred 
with extra THF (0.10 mL). The mixture was stirred at room tempera- 
ture for 4.5 h and then heated at 50 OC for 1 h, at which time the solution 
developed a black tinge. Solvent was removed in vacuo, and the mixture 
was chromatographed on a 2- X 5-cm column of silica gel with 20% ethyl 
acetate/hexanes to give oxazolidinone 19 as a crystalline white solid (99.0 
mg, 51.4%). 

Oxnzolidiwae 19: mp 160-161 OC (ethyl acetate/hexanes); Rf0.58 
(60% ethyl acetate/hexanes); [ a ] D  = +69.4 (f0.3)O ( E  1.77, dichlore 
methane) (scalemic); IR (CDCl, solution) 3070, 3039,2975,2938,2874, 
1781 (9). 1598, 1371, 1340, 1322, 1291, 1178, 1133, 1092, 1064, 1040 
cm-I; 'H NMR (CDC13, 200 MHz) 6 7.94 (dt, J = 8.4, 1.8 Hz, 2 H), 
7.35 (dm, J = 8.0 Hz, 2 H), 5.94 (dd, J = 5.8, 3.4 Hz, 1 H), 5.87 (br 
s, 1 H), 5.75 (m, 2 H), 4.97 (m, 1 H), 4.79 (m, 1 H), 3.16 (m, 1 H), 2.92 
(m, 1 H), 2.71 (m, 1 H), 2.45 (5, 3 H), 1.49 (dt, J = 8.4, 1.8 Hz, 1 H), 
1.39 (dm, J = 8.4 Hz, 1 H); ''C NMR (CDCI,, 50 MHz) 8 151.68, 
145.47, 136.41, 135.63, 134.27, 1 3 3 3 ,  129.78, 128.47, 128.35, 120.98, 
73.58,54.88,49.89,46.67,46.40, 38.90,38.34, 21.45; LRMS (m/z )  357 
(4.7), 247 (6), 240 (22), 202 (12), 158 (18), 131 (13), 118 (loo), 117 
(81), 115 ( l l ) ,  92 (20), 91 (92); HRMS calcd for C19HI9NO4S 
357.1036, found 357.1033. 

1 ( R  )-Hydroxy-Z(S)-p -toluenesulfo"ido-eadodo -tricycl@4.2.2,1)- 
undeca-3,8-dieme (Salemic) (24). A slurry of scalemic oxamlidinone 24 
(94.1 mg, 0.263 "01, [ a ] D  = +69.4 (+0.3)O (c  1.77, dichloromethane)) 
and potassium carbonate (80.0 mg, 0.579 m o l )  in 101 methanol/watcr 
(2.2 mL) was stirred at 60 OC for 6 h. After the mixture was cooled to 
room temperature, glacial acetic acid was added (3 drops) and solvent 
was removed in vacuo. Water (10 mL) was added, and the aqueous 
phase was extracted with chloroform (2 X 40 mL). The organic layer 
was washed with saturated aqueous sodium chloride and dried over 
magnesium sulfate. The solvent was removed in vacuo, and the residue 
was chromatographed on a 1- X IO-cm column of silica gel with 30% 
ethyl acetate/hexanca to afford hydroxy sulfonamide 24 as a thick oil 
(94.0 mg, 107%) which was directly acylated with (5')-(+)-a-methoxy- 
phenylacetic acid. 

2.1 Hz, 1 H, H-3), 5.55 (dt, J 5.9, 1.9 Hz, 1 H, H-4), 4.97 (dd, J = 

NMR (CDCl3, 100 MHz) 6 169.60, 169.10, 143.44, 143.32, 137.84, 
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Hydroxy sulfonamide 24: oil; R, 0.57 (60% ethyl acetate/hexanes); 
[ a ] D  -- +15.2 (h0.2)' (c 4.65, dichloromethane) (scalemic); IR (CDCI, 
solution) 3545 (b), 3270 (b), 3063,3030,2966,2934,2869, 1434, 1410, 
1333,1160, 1093,943,913,901,815 cm-l; IH NMR (CDCI,, 300 MHz) 
6 7.77 (d, J = 8.3 Hz, 2 H), 7.31 (d, J = 8.0 Hz, 2 H), 6.29 (dd, J = 
5.5, 3.0 Hz, 1 H), 6.03 (dd, J = 5.6, 3.3 Hz, 1 H), 5.77 (br d, J = 9.8 
Hz, 1 H, N-H), 5.21 (m, 2 H), 3.79 (m, 2 H), 2.98 (br s, 1 H), 2.88 (br 
s, 1 H), 2.55 (m, 2 H), 2.44 (s, 3 H), 1.46 (m, 2 H), 1.11 (d, J = 11.8 
Hz, 1 H); "C NMR (CDCI,, 75 MHz) 6 143.49, 138.50, 138.02, 133.73, 
133.35, 129.88, 127.85, 127.02,69.45, 54.34, 51.23,45.96, 45.75, 45.54, 
39.52,21.27; LRMS (m/z)  327 (6), 331 (3), 265 (0.6) Cp, 234 (9), 213 
(16), 177 (12), 176 (100) Ts, 172 (48), 160 (46), 155 (43, 131 (20), 129 
(13), 117 (13). 110 (37), 108 ( l l ) ,  95 (46), 92 (36), 91 (79); HRMS 
calcd for Cl8Hz1NO3S 331.1243, found 331.1247. 

1 (R )-[(S)-a-Methoxyphenyl.cetoxy]-2( S ) - p  -toluenesulfonamido- 
ebdo-tricyclo(4.2.2.l~ecn-3,8-diene (25s). To a mixture of (S)- 
(+)-a-methoxyphenylacetic acid (51.6 mg, 0.310 mmol), 1 (R)- 
hydroxy-2(S)-p-toluenesulfonamido-endo-tricyclo[4.2.2.l]undeca-3,8- 
diene (24) (85.7 mg, 0.259 mmol, [aID = +15.2 (*0.2)O (c 4.65, di- 
chloromethane)), DCC (64.0 mg, 0.310 mmol), and DMAP (1.6 mg, 
12.9 mmol) was added anhydrous dichloromethane (1.5 mL). The 
mixture was stirred at room temperature for 27 h. The reaction slurry 
was filtered through a 1.5-cm pad of Celite wetted with dichloromethane. 
The filter cake was washed with dichloromethane (3 X 2 mL), and 
solvent was removed in vacuo. The residue was chromatographed on 2- 
X 14-cm silica gel with 20% ethyl acetate/hexanes to afford ester prod- 
ucts (132.3 mg, 107%). The entire sample was dissolved in dichloro- 
methane, and an aliquot was removed for IH NMR analysis. Integration 
of diastereomeric signals showed a 14.1:l ratio of diastereomers 25a and 
25b (de 86.5%). 

An analytical sample of the major diastereomer was prepared by 
rechromatographing the product mixture on 2- X 14-cm silica gel with 
20% ethyl acetate/hexanes (8-mL fractions, impure fractions discarded) 
to afford 87.1 mg of pure ester 25s. Major diastereomer 25.: mp 
158-160 OC (ethyl acetate/hexanes); Rf 0.34 (50% ethyl acetate/hex- 
anes); [ a ] D  = +47.5 ( *0.8)O (c 4.355, dichloromethane); IR (neat film 
evaporated from CDCl, solution) 3383, 31 10, 3030,2975, 2937, 2876, 
1748 (s), 1456, 1424, 1340, 1270, 1178, 1160, 1117, 1095, 1075 cm-l; 
'H NMR (CDCI,, 400 MHz) 6 7.72 (dt, J = 8.4, 1.8 Hz, 2 H), 
7.35-7.55 (m, 5 H), 7.30 (br, J = 7.9 Hz, 2 H), 5.98 (dd, J = 5.5, 3.0 
Hz, 1 H), 5.87 (dd, J = 5.7, 3.4 Hz, 1 H), 5.16 (dd, J = 8.5, 6.0 Hz, 
1 H), 5.09 (ddd, J = 10.0, 5.2, 1.8 Hz, 1 H), 4.82 (s, 1 H), 4.37 (br, J 
= 9.8 Hz, 1 H), 3.89 (m, 1 H), 3.47 (s, 3 H), 2.84 (m, 1 H), 2.75 (m, 
1 H), 2.54 (td, J =  8.8, 3.4 Hz, 1 H), 2.43 (s, 3 H), 2.22 (m, 1 H), 1.39 
(dt, J = 8.5, 1.8 Hz, 1 H), 1.20 (dm, J = 8.4 Hz, 1 H); 13C NMR 

133.86, 129.69, 128.61, 128.54, 127.36, 126.88, 124.36, 82.08, 69.43, 
57.61, 51.33,48.37,47.46,44.15,40.38,40.00,21.52; LRMS ( m / z )  248 
(4), 247 (17), 158 ( l l ) ,  122 (lo), 121 (100, C8H90), 105 (9). 93 (9), 
92 (60), 91 (53). Anal. Calcd for C27H29NOSS: C, 67.62; H, 6.10; N, 
2.92. Found: C, 67.51; H, 6.39; N, 2.81. 

Preparation of Scalemic Dimethyl [l-(Benzoyloxy)cyclopent-2-en-4- 
yllmalonate (29 and 30). A solution of 4.2 mg (4.05 pmol) of 
(dba),Pd,CHCl, and 24.3 pmol of chiral ligand in 0.8 mL of THF at 
room temperature was stirred for 1-2 h and then cooled to 0 OC. In a 
separate operation, a solution of 0.162 mmol of dimethyl sodiomalonate, 
prepared from 42.2 mg (0.32 "01) of dimethyl malonate and 3.89 mg 
(0.162 "01) of sodium hydride in 0.8 mL of THF, was added to 50 mg 
(0.162 "01) of 1,4-bis(benzoyloxy)-2-cyclopentene (28) at 0 OC. The 
resulting solution was added to the cold (0 "C) solution of the catalyst 
and stirred at that temperature for 14 h, at which point it was warmed 
to room temperature. After the solution was diluted with ether, washed 
with aqueous 0.5 N hydrochloric acid, water, and brine, dried (MgS04), 
and evaporated in vacuo, the residue was purified by chromatography 
(5:l hexane/ethyl acetate) to give the product. Using 19.4 mg (24.3 
pmol) of ligand 10, there was obtained 20 mg (40% yield) of scalemic 
product of 64% ee. Using 10.2 mg (24.3 pmol) of ligand (+)-11, there 
was obtained 35 mg (68% yield) of scalemic product of 92% ee. Using 
16.8 mg (24.3 pmol) of ligand 12, there was obtained 43 mg (83% yield) 
of scalemic product of 93% ee. The spectral data agree to those previ- 
ously reported. IR (CDCI,): 1752, 1733, 1714, 1437, 1338, 1315 cm-I. 
'H NMR (300 MHz, CDCI,): 6 8.04 (m, 2 H), 7.55 (m, 1 H), 7.45 (m, 
2 H), 6.10 (m, 1 H), 5.88 (m, 1 H), 3.76 (s, 3 H), 3.75 (s, 3 H), 3.42 
(m, 2 H), 2.74 (m, 1 H), 1.76 (m, 1 H). 13C NMR (75 MHz, CDCI,): 
6 168.9, 168.8, 166.5, 137.8, 133.1, 131.7, 130.4, 129.7, 128.5, 79.4, 56.8, 
52.45, 52.40, 43.5, 34.5. 

Preparation of (S)-O-Methylmandehte Ester of Dimethyl (1- 
Hydroxycyclopeat-2-e-4-yl)mcllonate (31 and 32). A solution of a p  
proximately 0.10 mmol of the benzoate 29 and/or 30 in 5 mL of meth- 
anol containing magnesium methoxide (prepared by dissolving 15 mg 

(CDCl3, 100 MHz) 6 169.98, 143.26, 138.37, 136.79, 136.67, 134.61, 
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(0.625 mg-atom) of magnesium in methanol) was heated 14 h at 60 OC. 
After beiig evaporated in vacuo and dissolved in ether, the organic layer 
was washed with aqueous sodium bisulfate, water, and brine. Drying 
(MgS04), evaporating in vacuo, and chromatographing (1:l hexane/ 
ethyl acetate) gave the product in 46-6696 yields. IR (CDCI,): 3609, 
3521,1750, 1733,1438 cm-I .  'H NMR (300 MHz, CDCI,): 6 5.94 (m, 
1 H), 5.85 (m, 1 H), 4.79 (br m, 1 H), 3.76 (s, 3 H), 3.75 (e, 3 H), 3.52 
(d, J = 7.3 Hz, 1 H), 3.28 (m, 1 H), 2.58 (m, 1 H), 2.26 (br s, 1 H), 
1.60 (dt, J = 14.3, 4.0 Hz, 1 H). I3C NMR (300 MHz, CDCI,): 6 
169.5, 169.3, 136.0, 134.4, 76.6, 55.8, 52.5, 52.4, 43.8, 37.1. HRMS: 
calcd for CI&I~OJ 213.0763, found 213.0653. 

A solution of approximately 0.06 mmol of the above alcohol in 0.6 mL 
of methylene chloride was added to a neat mixture of 16.6 mg (0.1 "01) 
of (9-0-methylmandelic acid, 18.5 mg (0.09 mmol) of DCC, and 0.25 
mg (0.002 "01) of DMAP. After 22 h at room temperature, fdtering 
through Celite to remove the urea, washing the filter cake with ether, 
washing the ether layer with aqueous sodium bisulfate, aqueous sodium 
bicarbonate, and brine, drying (MgSO,), and evaporating in vacuo gave 
the crude ester in 80-9046 yield which was directly analyzed to determine 
the de. Chromatography (2: 1 hexane/ethyl acetate) gave analytical 
samples. 

31: IR (neat) 1748, 1739, 1436, 1323 cm-'; 'H NMR (300 MHz, 
CDCI,) 6 7.45-7.33 (m, 5 H), 6.02 (m, 1 H), 5.92 (m, 1 H), 5.67 (m, 
1 H),4.73 (9, 1 H), 3.74 (s, 3 H), 3.70 (e, 3 H), 3.41 (8, 3 H), 3.26 (m, 
1 H), 3.19 (d, J = 10.0 Hz, 1 H), 2.50 (dt, J = 14.6,7.6 Hz, 1 H), 1.40 

138.2, 136.3, 131.3, 128.83, 128.78, 127.3, 82.5, 79.6, 57.2, 56.6, 52.4, 
(dt, J = 14.6, 4.0 Hz, 1 H); "C NMR (75 MHz, CDCI,) 6 170.6, 168.8, 

43.3, 34.3; HRMS calcd for CloH1304 (M' - PhCH(OCH3)C02) 
197.0814, found 197.0813. 

32: IR (neat) 2954, 1736, 1455, 1436, 1324 cm-I; 'H NMR (300 
MHz, CDCl,) 6 7.45-7.33 (m, 5 H), 5.99 (m, 1 H), 5.79 (m, 1 H), 5.65 
(m, 1 H), 4.74 (s, 1 H), 3.73 (s, 6 H), 3.41 (s, 3 H), 3.29 (br s, 2 H), 
2.59 (m, 1 H), 1.60 (m, 1 H); "C NMR (50 MHz, CDCl,) 6 170.7, 
168.87, 168.76, 138.2, 136.3, 131.0, 128.80, 128.75, 127.3, 82.6, 79.7, 
57.2, 56.7, 52.49, 52.41, 43.4, 34.5; HRMS calcd for CloH1304 (M+ - 
PhCH(OCH3)C02) 197.0814, found 197.0815. 

Prepamtion of Scalemic and Racemic 2-[1'-(Beazoyloxy)cyclo~t- 
2 ' ~ 4 ' - y l ~ ~ ~ ~ y l - l ~ c y ~ ~ ~  (33 and 34). A solution of 4.2 
mg (4.05 pmol) of (dba),Pdz.CHCl3 and 16-24 pmol of chiral ligand in 
0.8 mL of dry THF was stirred 45 min at room temperature, during 
which time the mixture changed from red-brown to yellow-orange. After 
being cooled to 0 "C, this catalyst solution was added (followed by rinsing 
the flask with an additional 0.8 mL of THF) to a suspension of the 
nucleophile, prepared from 40.8 mg (0.324 mmol) of 2-methyl-1,3- 
cyclohexanedione and 0.162 mmol of either DBU (24.6 mg) or lithium 
hexamethyldisilamide (except in case of kinetic enhancement, where 
0.194 mmol of DBU was employed), and 50 mg (0.162 mmol) of di- 
benzoate 28 in 0.8 mL of THF at 0 OC. After the mixture was stirred 
1.75 h at 0 OC, ether was added. The organic layer was washed with 
aqueous sodium bisulfate, aqueous sodium bicarbonate, water, and brine. 
After drying (MgS04) and evaporating in vacuo, chromatography (21  
hexane/ethyl acetate) gave the product. Using 19.4 mg (24.3 pmol) of 
diester ligand 10, the reaction produced 26 mg (51% yield) of 34 of 54% 
ee. Using 19.2 mg (24.3 pmol) of diamide ligand (+)-11, there was 
produced 44 mg (86% yield) of 34 of 91% et. Using 16.6 mg (24.3 pmol) 
of diamide ligand 12 and 34.6 mg (0.162 mmol) of DBU, there was 
produced 48 mg (95% yield) of 33 of 91% ee, whereas using 11.2 mg 
(16.2 pmol) of diamide ligand 12 and 29.6 mg (0.194 mmol) of DBU, 
there was produced 42 mg (84%) of 33 of 98% cc. 

The same procedure in an achiral experiment using 8.4 mg (8.1 pmol) 
of (dba)3Pd2.CHC13, 25.5 mg (97.2 pmol) of triphenylphosphine, 100 mg 
(0.324 "01) of dibenzoate 28, 81.6 mg (0.648 "01) of 2-methyl- 
cyclohexane-1,3-dione, and 44.7 mg (0.324 "01) of DBU in 3 mL of 
THF gave 83 mg (82% yield) of racemic product: IR (neat) 2983,2947, 
1715, 1694,1452,1340, 1314 an-'; 'H NMR (300 MHz, CDC1,) 6 8.03 
(m, 2 H), 7.56 (m. 1 H), 7.45 (m, 2 H), 6.04 (m, 1 H), 5.87 (m, 1 H), 
5.79 (m. 1 H), 3.43 (m, 1 H), 2.83 (m, 2 H), 2.65 (m, 2 H), 2.45 (dt, 
J = 14.9,8.2 Hz, 1 H), 2.15 (m, 1 H), 1.80 (m, 1 H), 1.69 (dt, J = 15.7, 

166.5, 134.7, 133.2, 132.4, 130.3, 129.8, 128.5, 79.0, 68.6, 49.8, 37.7, 
37.6, 31.2, 17.8, 12.0; HRMS calcd for Cl2HI5O2 (M+ - PhC02) 
191.1072, found 191.1054. Anal. Calcd for C19H20O4: C, 73.06; H, 
6.45. Found: C, 72.85; H, 6.65. 

Preparation of Wemic  and Racemic l-(Benzoyloxy)-4-(N-benzyl- 
N-methyhmiw)cycbpent-2-ene (35 and 36). A solution of 4.2 mg (4.06 
pmol) of (dba),Pd2.CHC1, and 16.2 pmol of chiral ligand in 0.8 mL of 
THF was stirred 45 min at room temperature. After being cooled to 0 
OC, this catalyst solution was added (followed by rinsing the flask with 
an additional 0.4 mL of THF) to a neat mixture of 50 mg (0.162 m o l )  
of d i b e m t e  28,41.8 pL (0.324 "01) of N-benzyl-N-methylamine, and 

4.7 Hz, 1 H), 1.56 (s, 3 H); "C NMR (75 MHz, CDCI,) 6 209.2,209.0, 
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0.1 mL (0.7 mmol) of triethylamine at 0 OC. After TLC indicated 
complete reaction (45-75 min), ether was added. The organic phasc was 
washed with aqueous sodium hydroxide, aqueous sodium bicarbonate, 
water, and brine. Chromatography (41 hexane/ethyl acetate) gave the 
titled pro@ct. Using 12.9 mg (16.2 pmol) of diester ligand 10, there was 
produced 31 mg (61% yield) of 36 of 74% ee. Using 12.2 mg (15.5 pmol) 
of diamide ligand (+)-11, there was obtained 35 mg (71% yield) of 36 
of 95% ee. Using 11.2 mg (16.2 pmol) of diamide ligand 12, there were 
obtained 37 mg (75% yield) of 35 of 73% ee and, in a second run, 42 mg 
(85% yield) of 35 of 78% ee. 

The same procedure in an achiral experiment using 4.2 mg (4.06 
pmol) of (dba),Pd2-CHCl3, 6.37 mg (24.3 pmol) of triphenylphosphine, 
51.1 pL (0.358 "01) of triethylamine, 50 mg (0.162 mmol) of di- 
benzoate 28, and 41.8 pL (0.324 mmol) of N-bcnzyl-N-methylamine in 
1.6 mL of THF at 0 OC for 27 h gave 35 mg (70% yield) of racemic titled 
product: IR (neat) 3062,2943, 1716,1452,1335,1314 cm-'; 'H NMR 
(300 MHz, CDCI,) 6 8.04 (m, 2 H), 7.59-7.28 (m, 8 H), 6.18 (m, 1 H), 
6.07 (m, 1 H), 5.83 (m, 1 H), 3.99 (m, 1 H), 3.64 (d, J = 13.2 Hz, 1 
H), 3.50 (d, J = 13.0 Hz, 1 H), 2.57 (m, 1 H), 2.23 (s, 3 H), 1.95 (dt, 
J = 14.5, 4.4 Hz, 1 H); I3C NMR (75 MHz, CDCI,) 6 166.6, 139.5, 
133.1, 131.7, 130.6, 129.8, 129.1, 128.6, 128.52, 128.48, 127.2, 78.4, 67.8, 
58.3, 37.8, 30.2; HRMS calcd for C d z 1 N O 2  307.1572, found 307.1573. 

Preparation of (S)-O-Methylmradelote Esters of 1-Hydroxy-+(N- 
benzyl-N-wthylmino)cycbpent-2-ene (37 and 38). A mixture of 19.8 
mg (64 pmol) of the above amino benzoate and 8.1 mg (0.193 mmol) of 
lithium hydroxide monohydrate in 0.4 mL of ethanol and 0.1 mL of water 
was heated 7 ha t  6045 OC. After evaporation and chromatography (41 
ether/acetone) of the residue, 12.2 mg (94% yield) of the alcohol was 
obtain& IR (neat) 3355 (br, OH), 3050,2937,2851,2792, 1453, 1370, 
1358 an-'; 'H NMR (300 MHz, CDCl,) d 7.33-7.25 (m, 5 H), 6.02 (m, 
1 H), 5.97 (m, 1 H), 4.73 (m, 1 H), 3.78 (m, 1 H), 3.60 (d, J = 13.1 
Hz, 1 H), 3.46 (d, J = 13.1 Hz, 1 H), 2.41 (dt, J = 13.9, 7.6 Hz, 1 H), 
2.18 (s, 3 H), 1.91 (br s, OH), 1.67 (dt, J = 13.7, 4.9 Hz, 1 H); I3C 

75.5, 68.0, 58.6, 38.06, 34.5; HRMS calcd for CI3Hl7NO 203.1310, 
found 203.1319. 

A solution of 5 mg (24.5 fimol) of the above alcohol in 0.6 mL of 
methylene chloride cooled to 0 "C was added to a neat mixture of 8 mg 

NMR (75 MHz, CDCIJ 6 139.5, 135.83, 135.77, 129.1, 128.4, 127.1, 

(0.05 mmol) of (9-Omethylmandelic acid, 8 mg (0.04 mmol) of DCC, 
and 0.1 mg (0.8 pmol) of DMAP at 0 OC. After stirring 24 h at 0 O C  
and allowing the reaction to warm to room temperature, ether was added. 
The organic phasc was washed with aqueous sodium hydroxide, aqucous 
sodium bicarbonate, water, and brine. After drying (MgSO,), e v a p  
rating in vacuo, and chromatographing (2: 1 hexane/ethel acetate), there 
was obtained 7.1 mg (82% yield) of the titled ester. NMR analysis before 
and after chromatography revealed that the diastereomeric ratio was not 
altered by this purification. 
37 IR (neat) 3030, 2940, 2828, 1746, 1455 cm-I; 'H NMR (300 

MHz, CDCI,) 6 7.45-7.22 (m, 10 H). 6.08 (m, 1 H), 5.92 (m, 1 H), 5.61 
(m, 1 H), 4.74 (s, 1 H), 3.85 (m, 1 H), 3.43 (d, J = 13.0 Hz, 1 H), 3.41 
(s, 3 H), 3.23 (d, J = 13.3 Hz, 1 H), 2.33 (dt, J = 14.8, 8.0 Hz, 1 H), 
2.00 (s, 3 H), 1.51 (dt, J = 14.8, 4.1 Hz, 1 H); 13C NMR (50 MHz, 

127.4, 127.1, 82.5, 78.6, 67.7, 58.0, 57.2, 37.7, 29.8; HRMS calcd for 
C22H2SN03 351.1834, found 351.1822. 
3% IR (neat) 3030, 2934, 2828, 1745, 1454 cm-'; 'H NMR (300 

MHz, CDCI,) 6 7.44-7.25 (m. 10 H), 6.04 (m, 1 H), 5.82 (m, 1 H), 5.57 
(m, 1 H), 4.75 (s, 1 H), 3.88 (m, 1 H), 3.47 (d, J = 13.2 Hz, 1 H), 3.41 
(s, 3 H), 3.36 (d, J = 13.2 Hz, 1 H), 2.44 (dt, J = 14.7, 8.0 Hz, 1 H), 
2.09 (s, 3 H), 1.76 (dt, J = 14.6, 4.1 Hz, 1 H); I3C NMR (75 MHz, 

127.3, 127.1, 82.7, 78.8, 67.8, 58.1, 57.3, 37.8, 30.1; HRMS calcd for 
CZ2HUNO3 351.1835, found 351.1841. Anal. Calcd for C22HuN03: C, 
75.19; H, 7.17; N, 3.99. Found: C, 74.93; H, 7.27; N, 3.77. 
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Abstract: The l-(p-anisyl)-2-(triisopropylsilyl)vinyl cation 1 and the 1-(p-anisy1)vinyl cation 2 were generated in solution 
and characterized by NMR spectroscopy. Ab initio molecular orbital calculations using the 6-31G basis set were performed 
for cation 2, the l-(p-anisyl)-2-methylvinyl cation 3, and the l-(p-anisyl)-2-silylvinyl cation 4, serving as a model cation for 
1, to elucidate the importance of a-x aryl stabilization and @-u bond stabilization in 1-(p-anisyl)vinyl cations with various 

substituents. For comparison, the panisylmethyl cation 5 was also calculated. The para carbon chemical shifts, the 
experimentally determined and calculated torsional barriers around the phenyl-methoxy C-O bond, and the computed geometrical 
parameters and charges are used to determine the contributions of conjugative and hyperconjugative stabilization effects in 
1-(panisy1)vinyl cations. The ability of @ substituents to hyperconjugatively donate electrons to the empty cationic orbital 
follows the order silyl > methyl > H. 

1-Arylvinyl cations, first postulated in 1964,' can be regarded 
as the prototype of vinyl cations. They have been generated as 
transient intermediates in solution in the course of solvolysis 
reactions, electrophilic addition reactions, and photolysis reactions 

from various progenitors and have been investigated intensively 
using mainly indirect techniques like kinetic measurements and 
product analyses.2 Gas-phase investigations' and several com- 

'Yamaguchi University. (1) Grob, C. A.; Cseh, G. Helu. Chim. Acta 1964, 47, 194. 
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