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Lanthanide triflates along with proline-derived ligands have been found to be efficient catalysts for enantioselective conjugate addition of
nucleophilic radicals to enoates. N-Acyl oxazolidinones, when used as achiral additives, gave meaningful enhancements in the ees for the
product.

Asymmetric synthesis is at the forefront of modern organic radical additiong. Lanthanide triflates are superior Lewis
chemistry, especially using chiral Lewis acids in enantio- acids in terms of both their strength and their stability toward
selective transformatiorisThere are a large number of ionic

and neutral methods that have been reported for the formation37(42) E)(g%_'?ze‘r)\;iSWNRenaud, FL’-; Gefste(;, Nﬂﬂ(%§VY£hC|f1eRW-.F;nt-REd99g, o

. y . uminum Lewis acids: al, R enaud, .

of carbon-carbon bonds stereoselectivélin contrast, only  Teiranedron Lett1997 38, 2661-2664. (c) Urabe, H.; Yamashita, K.;
a handful of methods have been reported for enantioselectiveSuzuki, K.; Kobayashi, F.; Sato, B. Org. Chem1995,60, 3579—3577.
_ ; ; ; ; ; ; _ (d) Nishida, M.; Hayashi, H.; Nishida, A.; Kamahara, Ghem. Commun.
C—C formation using radical intermediatedising well- 7405575 200 " Viakata, M. Jono, T.: Mizune, Y. Hoshino.Jo.

established precedents from the ionic literature, the chiral Am. Chem. Soc1997,119, 11713—11714. Magnesium Lewis acids: (f)

Lewis acid-mediated radical reactions have mostly relied on Murakata, M.; Tsutsui, H.; Hoshino, @hem. Commuri995, 481—482.
| f . id/li . iof hi (9) Hiroi, K.; Ishii, M. Tetrahedron Lett200Q 41, 7071-7074. (h) Iserloh,
only a few Lewis acid/ligand combinationisn this regard, U.; Curran, D. P.; Kanemasa, Betrahedron: Asymmetr999 10, 2417~

our group has developed conjugate addittaisiucleophilic 2428. (i) Sibi, M. P.; Asano, Y.; Sausker, J. Bngew. Chem., Int. Ed.

; ; ; : ; : : 2001,40, 1293—-1296. (j) Sibi, M. P.; Sausker, J. B.Am. Chem. Soc.
ra_dlcals using chl_ral LeW|_s ac!ds derived from magnesium 2002.124,984—991, Zir?g Lewis acids: (k) Wu, J. H.: Zhang, G.: Porter,
(zinc) salts and bisoxazoline ligangls. N. A. Tetrahedron Lett1997,38, 2067—2070. (I) Porter, N. A.; Wu, J. H.;

We have previously demonstrated that lanthanide triflates Zhang. G.; Reed, A. . Org. Chem1997 62, 6702-6703. (m) Watanabe,
P . y . . . . . Y.; Mase, N.; Furue, R.; Toru, Tletrahedron Lett2001,42, 2981—2984.
are excellent Lewis acids in diastereoselective conjugate “(s)For a review, see: Sibi, M. P.: Manyem, Eetrahedron2000, 56,

8033—8061. For other reviews in the area, see: Krause, N.; Hoffmann-

(1) Lewis acids in Organic Synthesiéamamoto, H. Ed.; Wiley-VCH: Réder, A.Synthesi®001, 171-196. Leonard, J.; Diez-Barra, E.; Merino,
Weinheim, 2000; Vols. 1 and 2. S. Eur. J. Org. Chem1998, 2051—2061.
(2) (a) Catalytic Asymmetric Synthes@8jima, I. Ed.; Wiley-VCH: New (6) (a) Sibi, M. P.; Ji, J.; Wu, J. H.; Gurtler, S.; Porter, N. A.Am.

York, 2000. (b)Comprehensie Asymmetric Catalysj Jacobsen, E. N., Chem. Soc1996,118, 9200—9201. (b) Sibi, M. P.; Ji, J. Org. Chem.
Pfaltz, A., Yamamoto, H., Eds.; Springer: New York, 1999. (c) Giese, B. 1997,62, 3800—3801. (c) Sibi, M. P.; Shay, J. J.; JiTétrahedron Lett.

Radicals in Organic Synthesis. Formation of Carbd@arbon Bonds; 1997,38, 5955—5958. (d) Sibi, M. P.; Chen, J. Am. Chem. So@001,
Pergamon: Oxford, 1986. 123, 9472—9473.

(3) Sibi, M. P.; Porter, N. AAcc. Chem. Re4.999,32, 163—171. Sibi, (7) (a) Sibi, M. P.; Ji, J.; Sausker, J. B.; Jasperse, C. ARm. Chem.
M. P.; Rheault, T. R. IrRadicals in Organic Synthesis; Renaud, P., Sibi, So0c.1999,121, 7517—7526. (b) Sibi, M. P.; Ji, J.; Jasperse, Cl.FAm.
M. P. Eds.; Wiley-VCH: Weinheim, 2001; Vol. 1, pp 46478. Chem. Soc1995,117, 10779—10780
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air and moisturé They also allow for the tuning of reactivity/ ||| | | Q|

selectivity due to their small variations in ionic radii. Tap1e 1. Effect of Lewis Acid on Enantioselectivity®
Lanthanides can adopt coordination numbers varying from
6 to 129 Several examples of asymmetric reactions are
known with chiral lanthanide Lewis acids, including a recent 1 La(OTf)3 88 64

entry Lewis acid yield (%) ee (%)

example in conjugate addition of thiclsWe have been 2 Nd(OTf)s 84 76
interested in utilizing lanthanide triflates in enantioselective 3 Sm(OTf)s 84 79
transformations and document here our initial success with 4 Eu(OTf)s 62 58
. : ) 5 Y(OThs 83 62
proline-based ligands (Figure 1). 6 Yb(OTHs 87 29
7 Hf(OTf), 34 0

_ a Entries arranged from large to small lanthanid&gSor reaction details,

see Supporting Information. Values of ees were determined using chiral
HPLC. ¢ Configuration of2 was established by comparison of the HPLC

Ln(OTf)3, 3* A - -
)OL L Buggfw?%, %?’38, Oz O/[O]\ )Oj\j\/ retention times with that in ref 6a.
o N A~pp * Pl —————— N Ph
J/ \J/

CH,Cl,, -78 °C
1 h 2 optimal!? A significant dependence of the enantioselectivity
%h on the ionic radii of the lanthanide ion was observed (entries
EIO/ILO OH 1-6 show lanthanides in decreasing ionic radii). We found
3 an initial increase in ee from La to Sm (entries3) followed
by a decrease in ee as the ionic radius was further decreased
Figure 1. (entries 3-7). Various groups have previously reported such

dependence of enantioselectivity on ionic radii of lanthanide
metal ions'® The exact nature of such a dependence is related
Our initial studies were directed toward finding a suitable 15 the type of the reaction under study, and our results indeed
chiral ligand for lanthanides in enantioselective conjugate pargjlel the effect observed in diastereoselective reactions
addition. F_or this_ purpose, we chose to study the addition of previously documented in our laboratdryThe absolute
nucleophilic radicals tax,-unsaturated enoate: Popular  configuration of the product was found to 88y comparison
chiral ligands for lanthanides were initially evaluated. For \uith the retention time in chiral HPLC analysis of a known
example, a combination of Yb(O%f)and (R)-BINOL,  samplet4 The face selectivity in our experiments is the same
TADDOL, or tartaric acid resulted in very low conversions s that observed by Kobayashi et al. for the addition of thiols
and enantioselectiot}. Recently, it has been shown that {4 crotonyl oxazolidinone using Hi(OTfand an analogous
Hf(OTf), and a proline-derived ligand similar 8was found ligand10d
to provide moderate selectivity in conjugate thiol additi&s. We altered the ligand structure to probe its effect on the
Using ligand3, we performed a brief survey of lanthanide  gpantioselectivity according to the reaction conditions in
triflates (Scheme 1, Table 1). Samarium triflate proved t0 gcheme 1. Ligand3—14 were synthesized frong[-proline
by previously known proceduré3Enantioselectivities from

_ conjugate additions using these ligargtsl4 are shown in

Scheme 1 Figure 2. The effect of different alkyl groups on the
0 j\/\ 30 mol% Ln(OT#)n, 3 j\j\/
)L . BuaSnH, EtsB, Oz j)\
= 4 j-Pf e,
OuN Ph CH,Clp 78 C o\_JN (gPh
! 2 h h Rs
Ph r?j Ph Rs
L ] ) ) o ) O/L OH R1 OH OH
be the most efficient Lewis acid with a stoichiometric amount B & EO” "0

of chiral Lewis acid furnishing 70% ee of the product (data g ee (%) Ri ee (%) Ra ee (%)

(8) Marshmann, R. WAIdrichimica Actal995,28, 77-84.

not shown). Substoichiometric amounts of the chiral Lewis Et 3 79 H 9 0 Me 13 12
acid gave better enantioselectivity, with 30 mol % being tBu 4 50 Me;NC(O)10 23 2-Np 14 80
iBu 5 48 PhSO,- 11 3
Me 6 68 MegC(0)- 12 23
7
8

(9) Aspinall, H. C.Chem. Rev2002,102, 1807—1850. Bu 69
(10) Selected references on the use of lanthanide Lewis acids in Bn 71
enantioselective transformations. (a) Review: Inanaga, J.; Furuno, H.;
Hayano, T.Chem. Re».2002, 102, 2211—2226. (b) Fuzukawa, S.-l.;  Figure 2.
Matsuzawa, H.; Metoki, KSynlett2001, 709—711. (c) Qian, C.; Wang, L.
Tetrahedron Lett2000, 41, 2203—2206. (d) Kobayashi, S.; Ogawa, C.;
Kawamura, M.; Sugiura, MSynlett2001, 983—985. (e) Kobayashi, S.;
ganabe, KI-JACS- Chem. thﬁZOr%Zd 525',62(7)9152117-1 5(f7) Aspinall, H. C.; carbamate moiety (3—8) was initially explored. Decreasing
reeves, NJ. Organomet. Che ,647, —157. L
(11) The chemical efficiency for these chiral Lewis acid-mediated .the bu”_( of the alkyl group decre{:\ses the selectivity, but
conjugate additions was low<60% isolated yields) and the ees werg5%. increasing the bulk on the carbon eitleor 5 to the oxygen
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atom also leads to decreased selectivity. The chemical|jjjj

efficiencies using the carbamoyl ligands (3—8) were good
(>80%) with little variation from ligand to ligand. The
dependency of ee on variation in the alkyl group is not clear.
The ligand9 with the free NH group decreased the reactivity
of the catalyst significantly. Modifying the type of substituent
on the nitrogen can modulate the steric bulk and electronic
nature of the ligand. Changing the carbamoyl group on
nitrogen to a urealQ), sulfonamide 1), or amide 12)
resulted in decreased reactivity and selectitityarge groups
on the tertiary alcohol gave high selectivity éhd 14),
whereas the small methyl group3) decreased selectivity.
Lanthanides, due to their larger size and vacant f-orbitals,
can attain higher coordination numbers than the Lewis acids
in either main group or transition metals. Such higher
coordination numbers can be achieved either by varying the
stoichiometry of the Lewis acid to ligand or by introducing

Table 2. Effect of Additives

entry additive (equiv) yield (%)2  ee (%)

1 none 84 79
2 3 (1 equiv)® 72 64
3 3 (2 equiv)® 86 58
4 (£)-2 (2 equiv) 84 49d
5 HOCH,CH,0H (2 equiv) 73 64
6 15 (1 equiv) 84 82
7 15 (2 equiv) 67 89
8 15 (3 equiv) 63 89
9 16 (2 equiv) 95 84

10 MS 4 A (17 mg) 67 73

11 MS 4 A (150 mg) 45 83

12 15 (2 equiv) + MS 4 A (150 mg) 63 92

alsolated yields. The amount of Lewis acid used was 30 mdl BiPLC
analysis was used to determine ée&mount in parentheses refers to the
extra ligand added! See Supporting Information for calculation of the ee.

achiral additives (Scheme 2, Table 2). Increasing the amount

Scheme 2
o]
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of the ligand to 2 or 3 equiv compared to the Lewis acid

decreased the enantioselectivity (compare entry 1 with entries

2 and 3). In this reaction, the product due to its similarity
with the substrate can coordinate to the reactive complex.
To test this possible influence of the product, 2 equiv
(compared to the Lewis acid) of the)-product2 was added,
and the ee of the product derived from the reaction decrease
to 49% (entry 4). To prevent the product from hampering
the efficacy of the chiral catalyst, achiral additives were
considered. Achiral additives are known to affect the
selectivity in asymmetric catalyst8.This is due to their
coordination to the chiral Lewis acid and hence alteration
of the catalyst superstructure and also to their filling of empty
coordination sites. We initially evaluated ethylene glycol as

(12) 68% ee (10 mol %); 74% ee (20 mol %); 79% ee (30 mol %); 64%
ee (40 mol %).

(13) (a) Schaus, S. E.; Jacobsen, EQMg. Lett.2000,2, 1001—1004.

(b) Kobayashi, S.; Hamada, T.; Nagayama, S.; Manab@&r. Lett.2001,

3, 165—167. (c) Inanaga, J.; Sugimoto, Y.; HanamotoN&w J. Chem.
1995,19, 707—712. (d) Evans, D. A.; Nelson, S. G.; Gagne, M. R.; Muci,
A. R.J. Am. Chem. S0d.993,115, 9800—9801.

(14) See Supporting Information in ref 6a for details on stereochemical
analysis.

(15) Bhaskar Kanth, J. V.; Periasamy, Wetrahedronl993 49, 5127
5132.

(16) Reactions with these ligands were considerably slower. Yields
averaged around 70%.

(17) For a good evaluation/analysis of product influence in asymmetric
Diels—Alder reaction, see: Heller, D. P.; Goldberg, D. R.; Wulff, W.JD.
Am. Chem. Sod997,119, 10551—-10552.

(18) Review: Vogl, E. M.; Groger, H.; Shibasaki, Mngew. Chem.,
Int. Ed. 1999,38, 1570—1577.
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an additive since it had a beneficial effect in diastereo-
selective radical reactions mediated by lanthanide Lewis
acids!® In contrast, ethylene glycol as an additive in
enantioselective transformations was not favorable (compare
entry 1 with 5). Next, we evaluated twd-acyl oxazolidi-
nones (15—16) as additivésOf these N-benzoyl oxazoli-
dinone 16 was the most effective (compare entry 1 with
entries 7 and 9). Also, a dependence of selectivity on the
amount of additive was observed: 2 equiv of the additive
with respect to the chiral Lewis acid was found to be optimal
(compare entries 6—8). We believe that after the 2 equiv is
added, there is no vacant coordination site in the reactive
complex for the additive to bind to the Lewis acid.
Molecular sieves play a major role in catalysis. Although
the exact nature of their effect is not well understood, it is
widely believed that they either remove the adventitious

gater in the catalyst or aid in blocking coordination sies.

Also, the amount of molecular sieves is an important
parameter for observing beneficial effeéIn our case,
addition of small amounts of MS 4 A led to a decrease in
enantioselectivity (compare entry 1 with entry 10). However,
larger amounts (150 mg) of MS 4 A produced a small
enhancement in selectivity (compare entry 1 with entry 11).
Finally, we were able to obtain 92% enantioselectivity by
combining 2 equiv of the additivé6 and MS 4 A with 30
mol % of the chiral Lewis acid (entry 12).

Assuming that two triflate ions are bound to the metal
and that the substrate, ligand, and additive bind in a bidentate

(19) Examples of ether/alcohol/carboxylic acid/amine-type additives in
catalysis with lanthanides: (a) Sibi, M. P.; Rheault, T.JRAm. Chem.
Soc.2000,122, 8873—8879. (b) Aspinall, H. C.; Bissett, J. S.; Greeves,
N.; Levin, D.Tetrahedron Lett2002 43, 319-321. (c) Lacbte, E.; Renaud,
P.Angew. Chem., Int. EA.998,37, 2259—2262. (d) Fukuzaka, S.-I.; Seki,
K.; Tatsuzawa, M.; Mutoh, KI. Am. Chem. S0d.997,119, 1482—1483.

(20) Shibasaki, M.; Yamada, K.-l.; Yoshikawa, N. Lewis Acids in
Organic Synthesis; Yamamoto, H., Ed.; Wiley-VCH: Weinheim, 2000; pp
911-944 and references therein.

(21) (a) Aspinall H. C.; Dwyer, J. L.; Greeves, N.; Mclver, E. G.; Wooley,
J. C.Organometallics1998,17, 1884—1888. (b) Kodama, H.; Ito, J.; Hori,
T.; Furukawa, 1J. Organomet. Chen2000,603, 6-12. (c) ref 10d.
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fashion, the reactive complex must be 10-coordid&te. tivity obtained in a reaction. We are currently evaluating
However, the exact structure of the complex is yet to be these ligand systems in other asymmetric processes, and the
determined. results will be disclosed in due course.

In summary, we have described the development of
lanthanides with proline-derived ligands in chiral Lewis acid ~ Acknowledgment. We thank the NIH (NIGMS-54656)
catalysis. This remains a very attractive substitute for the for financial support and Dr. Kalyan K. Rana for assistance
chiral Lewis acids obtained from magnesium and zinc. Since in ligand syntheses.
lanthanides are water-tolerant Lewis acids, they provide ) ) ) o
opportunity for development of reaction in aqueous media.  Supporting Information Available: ~ Characterization
The use of proline-derived ligands also obviates the use ofdata for all new compounds and experimental procedures.
bisoxazoline ligands, which are more difficult to prepare and This material is available free of charge via the Internet at
do not allow for as simple variations to be incorporated Nttp:/pubs.acs.org.
during ligand synthesis. Our study also provides further
examples of achiral additives in enhancing the stereoselec-0L026327H
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