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ABSTRACT
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(R,R)-2a-e
1e: R'=R?=Me up to 76% de

The pinacol coupling reaction of planar chiral ~ ortho- oxazoline-substituted formylferrocene was smoothly mediated by Sml 2 0or Sm(OTT) 5 to give
the (R,R) isomer selectivity (up to 76% diastereomeric excess). The combination of Yh(OTf) 3 and the ( R,R)-ferrocenyl diol was revealed to be
a good catalyst for the asymmetric Diels  —Alder reaction of 3-acyloxazolidinone with cyclopentadiene, and the endo adduct was produced in
up to 80% enantiomeric excess.

Optically active 1,2-ethane diols are useful chiral auxiliaries tones and aldehydes. Enantioselective pinacol coupling reac-
and ligands for asymmetric synthe&ihese diols had been  tions have been achieved using chiral titanium and chromium
accessible by resolution of racemétbsfore recent reports  catalysts to give 1,2-diols in high enantioselectivity.

on diastereo- and enantioselective pinacol coupling of ke- Diastereoselective pinacol coupling of aldehydes and

ketones having chiral auxiliaries can be an alternative and
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effective way to access them. For example, samarium(ll) analysis of the crude product: (R,R)-2a/(S,S)-3a/(R,SF4a

iodide promoted the pinacol coupling of chitalkketoamide

24:31:45. Because the addition of HMPA is known to

and ester giving the corresponding quaternary tartaric acidsincrease the diastereoselectivity in samarium(ll)-mediated
in high diastereoselectivities in the presence of HMPA and pinacol coupling reactiorfsthe reaction was carried out by
alcohol* Diastereoselective pinacol coupling of a planar adding 4 equiv of HMPA to Smal The percentage ofR)-

chiral formylferrocene can be achieved by using Sad a
reducing agent. These reactions wittortho-methyl and

2aincreased, but the percentage of unwantexso-4aalso
increased. Overall diastereoselectivity fB,R)-2aor (S,S)-

halogeno-substituted formylferrrocenes proceed with excel- 3a was not improved: (R,R)-2a/(S,S)-3a/(R,S)=&5:10:
lent diastereoselectivity to give a single diastereomer in high 55. The other choice of the divalent samarium reagents such

yields; however, the reaction witbrtho-phosphino-substi-

as samarium(ll) triflate [Sm(OT4) reminded us of the

tuted ferrocene produces a mixture of three diastereomerspossibility of enhancing the selectivityWe and other

(R,R, (S,9, and (R,$>¢ When we tried the pinacol coupling
reaction with chiralortho-oxazoline-substituted formylfer-
rocene using Sm) the product was obtained as a mixture
of (R,R), (S,S), andR(S) in the ratio of 24:31:45. We have
now found that the use of samarium(ll) triflate, “Sm(QT)
prepared by the reduction of samarium(lll) triflate with
s-BuLi enhanced theR(R) selectivity. We would like to

research groups have reported that Sm(@tEHds to give
higher stereoselectivity in the Barbier-type reaction between
ketones and alkyl halidés® and the pinacol coupling
reaction of acetophenone than $rfl Sm(OTf) can be
prepared by the reduction of samarium(lll) triflate [Sm-
(OTf)3] with appropriate organolithium and magnesium
reagents. We first carried out the pinacol couplindafising

present here the highly diastereoselective pinacol coupling Sm(OTf), which was prepared by the reduction of Sm(QTf)
of ortho-oxazoline-substituted formylferrocene using Sm-
(OTf), and the successful application of the ferrocenyl
pinacol to a ligand for a Lewis-acid-catalyzed asymmetric
Diels—Alder reaction.

We first tested the pinacol coupling reaction of planar

chiral ortho-(S,Rp)-4-isopropyloxazolinyl formylferroceha
(R* = i-Pr, R = H) with Smk in THF at room temperature

(Scheme 1). The product was a mixture of three diastereo-

mers, (R,R)-2a,3,S)-3a, andR,S)-4a(meso), which could

be isolated by flash column chromatography on silica gel

(hexane/ethyl acetate as elueng,%)-Isomerawas easily
confirmed by the'H NMR spectrum. The structure of each
(R,R)-2aand (S,S)-3avas determined by X-ray crystal-
lographic analysis; the X-ray structure &,R)-2ais shown

in Figure 1. The isomer ratio was determined by HPLC
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2000,41, 4633—4636.
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M. J. Am. Chem. So@000,122, 8301—8302.
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Figure 1. Molecular structure ofR,R-2a (ORTEP plot). Selected
bond lengths (A): C(6}C(7)= 1.45, N(1)—C(6)= 1.28, C(18)—
C(19)= 1.46, N(2)—C(19= 1.26, C(11)—C(12)}= 1.49, O(2)—
C(12)=1.41, C(12)-C(13)=1.59, O(3)-C(13)= 1.38. Selected
bond angles (deg): C(AC(6)—N(1)=128.1, O(2-C(12)-C(11)
= 111.2, N(2)—C(19)—C(18) 126.5, O(3)—C(13)—C(12}
111.0.
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with s-BuLi at 0°C for 1 hinTHF. The HPLC andH NMR
analyses revealed that the selectivity fd®,R)-2a was

Table 2. Pinacol Coupling of Formylferrocenesd—e) Using

remarkably enhanced and that the production of unwantedgm oty

(R,S)-4asignificantly decreased; the ratio of (R,R)-2a/(S,S)-
3a/(R,9-4a = 88:3:9, and the diastereomeric excess (de)
percentage o2a = 76. This result encouraged us to search
for more effective organometallic reagents. Table 1 surveys

Table 1. Pinacol Coupling of the Formylferrocen&a) Using
Sm(OTf/RM?

entry RM % yield® R,R/S,S/R,S¢

1d 95 24:31:45
2d.e 90 35:10:55

3 s-BuLi 96 88:3:9

4f s-BuLi 73 75:2:23

5¢ s-Buli 87 87:5:8

6 n-BuLi 93 73:2:25

7 t-BuLi 64 76:2:22

8 EtMgBr 68 41:10:49

9 s-BuMgCl1 36 13:8:79

asSm(OTfk (1.0 mmol), RM (1.0 mmol), THF (5 mL)la (0.5 mmol) at
0°C for 1 h.b Isolated yield ¢ Determined by HPLCY Smb, (THF, 10 mL)
was used® HMPA (4.0 mmol) was added.The reaction was carried out
at room temperature for 1 h.

the results with Sm(OT$)prepared by the reduction with
representative organolithium and magnesium reagents.
BuLi was inferior tos-BuLi because the Sm(Il) species de-
creased theR,R-2aselectivity to some extent. The addition
of HMPA hardly affected the selectivity. EtMgBr arseéc-
BuMgCl were not appropriate choices of organometallic

reagents, as the Sm(ll) species with these Grignard reagents

rather enhanced the yield of the unwanted (R,S)-4a.

On the basis of the above experiments, we employed the

combination of Sm(OT#§ands-BulLi for preparing the Sm-
(I1) reagent to examine the pinacol coupling reaction with
several ortho 4-substituted oxazolinyl chiral formylferrocene
derivatives. (4S)-tert-Butyl (1b), phenyl¢), benzyl {d),
and 4,4-dimethyl 1e) -oxazolines were examined as ortho
substituents for formylferrocene derivatives in addition to
the 4-isopropyl derivativel@). The results of the pinacol
coupling reaction of thesartho-oxazolinyl formylferrocenes
using Sm(OTf) are summarized in Table 2. The pinacol
coupling reaction of the 4-tetiutyl oxazoline derivativdb
with Sm(OTf), gave the R,R) isomer with diastereoselec-
tivity (entry 2, 74% de) as high as that witfa, and the use
of Smk gave the unwantedR(S isomer as the major product.
The reaction with 4-phenyl derivativedd) also gave the
(R,R) isomer as the major product; however, its selectivity
(12% de) was not as high as thatd,b, though theR,R)
selectivity was improved compared to that of Snirhe
reaction with the benzyl derivativéd, however, produced
the (R,S) isomer as the major product.

(8) The large difference in stereoselectivity between Sm(ll) species with

entry R! R2 % yield® R,R/S,S/R,S¢

1 H i-Pr 96 88:3:9

2 H t-Bu 99 87:2:11

3d H t-Bu 55 9:44:47

4 H Ph 58 56:24:20
5d H Ph 70 36:22:42

6 H Bn 74 43:10:47

7 Me Me 70 70:1:29

asSm(OTfi (1.0 mmol),s-BuLi (1.0 mmol), THF (5 mL),1a—e (0.5
mmol) at 0°C for 1 h.PIsolated yield.° Determined by HPLCY Smi
(THF, 10 mL) was used.

The reaction with the 4;4dimethyloxazoline derivative
1e, which has the only planar chiralitR) (vithout central
chirality), gave the R,R pinacol as the major product (40%
de), similar to the reaction wittha—d having Rp configu-
ration (Table 2, entry 7). Pinacol coupling of th&,&p)
aldehydelf (planar chirality reverse tda) gave the $,S)
pinacol preferentially (65% de). These results suggest that
the central chirality of the oxazoline group may not be
involved in the selectivity in pinacol coupling; rather, the
planar chirality and size of the 4-substituent should control
the stereochemistry and selectivity. The stereochemistry may
be explained by Uemura’s transition-state model of pinacol
coupling of planar chiral formylferrocer’eThe carbonyl
oxygen is oriented away from tlegtho substituent by steric

Scheme 2
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effects, and Sm(ll) attacks the carbonyl group fromekxe

side to form the correspondirgxceketyl radical intermediate.
The sterically demanding triflate group would allow as little
diastereomerical isomerization as possible, and the mostly
existing exo-ketyl radicals could couple each other to give

alkyllithium and with alkylmagnesium suggests that the formula of Sm- the (R,R) pinaccﬂ.On the other hand, a less-hindered iodo

(OTf), should not represent the correct structure of Sm(ll) species. Sm-
(OTf)2 may form a complex with LIOTf or Mg(OT#$) and this complex
may control the stereoselectivity.
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group would allow coordination of the oxazoline group to
the samarium atom; thexaketyl radical would then isomer-
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ize to a diastereoisomeric configuration (equilibriumesb-
and endo-ketyl radicals), and each radical isomer would
cross- or self-couple to form thdl and mesoisomers
(Scheme 2).

Representative Lewis acids were examined for the complex
formation with 2a and their catalytic efficiency in the
benchmark asymmetric Diels—Alder reaction (Schem¥ 3).

Scheme 3
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Table 3. Diels—Alder Reaction of 3-Acryloyloxazolidin-2-one
(5) with Cyclopentadiene6) by Lewis Acid/Ferrocenyl Pinacols

(2ap

% ee (endo)

entry LA % conv®  endo/exo® (config)®
1 La(OTf)s 99 88:12 16 (R)
2 Sc(OTf)3 99 77:23 48 (R)
3 Sm(O0Tf)s 99 81:19 15 (R)
4 Yb(OTf)s 99 80:20 70 (R)
5d Yb(OTo)s 99 83:17 7(R)
6¢ Yb(OTo)s 95 80:20 80 (2R,3S)
7 Yb(C104)3 77 74:26 15 (S)
8 Y(OTD)s 99 74:26 50 (R)
9 Mg(OTf), trace
10 Mg(ClO4)2 63 82:18 40 (R)
11 Cu(OTo), trace
12/ TiCly(OPr)y 65 94:6 2
13f Ti(O'Pr)4 80 93:7 1

aLA (0.025 mmol), pinacol (0.03 mmol), MS4A (80 mg), 3-acryloy-
loxazolidin-2-one (5a) (0.25 mmol), cyclopentadiene (0.75 mmol) in@H
(3 mL) at 0°C for 3 h.P Determined by GC¢Determined by HPLC
(chiralcel OD).d2,6-Lutidine (0.05 mmol) was adde®lReaction with
3-crotonoyloxazolidine-2-one (5b) at @ for 24 h.fThe reaction was
carried out in toluene (3 mL).

The reaction was usually carried out as follows. The Lewis
acid complex with R,R)-2awas first prepared at 0C in
CH,ClI; or toluene in the presence of MS4A. Afté h of
aging, 3-acryloyloxazolidin-2-oné&4) and cyclopentadiene

rather spoiled the selectivity in this reaction, with the ee being
decreased to 7%. The reaction of 3-crotonoyloxazolidin-2-
one (5b) and cyclopentadiene (6) using the combination of

(6) were added to the solution at the same temperature, andyb(OTf); and2a proceeded at 0C slowly to give theendo

the resulting mixture was stirred for 2 h. The product was
isolated by preparative TLC, and the isomer ragmdo/

(2R,3S) adduct in high enantioselectivity and 80% ee.
Combinations of Yb(OT® and other ferrocenyl pinacol

exo) and enantiomeric excess (% ee) were determined byderivatives were studied in the asymmetric Diefdder

HPLC using a chiral column (Daicel Chiralcel OD). Table

reaction of5a with 6: (S,S)-3a, 7% eeS)); (R,R)-2b, 39%

3 summarizes the results of the reaction using a representativeee (R); (R,R)-2¢c, 64% ee (R), (R,R)-2d, 47% ee (R); (R,R)-

Lewis acid/2acomplex as the catalyst (10 mol % &).
Among the various metal salts, rare-earth triflates tended to
give moderate to good enantioselectivity; the complex with
Yb(OTf); was the most effective giving th&®| endoadduct

(7) in a high yield with 70% eé! The Lewis acids other
than the rare-earth triflates have exhibited lower enantiose-
lectivities (entries 9—13). Addition of a tertiary amine such
as 2,6-lutidine has been known to improve enantioselectivity
in some asymmetric reactions with rare-earth triflate/chiral
ligand complexed? however, the addition of 2,6-lutidine

(9) Molander, G. A.; Estevez-Braun, A. NBull. Soc. Chim. Fr1997,
134, 275—-282.

(10) For reviews for asymmetric DietdAlder reactions, see: (a) Kagan,
H. B.; Riant, O.Chem. Re»1992, 92, 1007—1019. (b) Evans, D. A,
Johnson, J. S. DielsAlder Reaction. InComprehensie Asymmetric
Catalysis; Jacobsen, E. N., Pfalts, A., Yamamoto, H., Eds.; Springer: Berlin,
1999; Vol. lll, Chapter 33.1. (c) Corey, E.BAngew. Chem., Int. E@002,

41, 1650—1667.

(11) For a review for lanthanide complexes in asymmetric synthesis,
see: Inanaga, J.; Furuno, H.; Hayano,Chem. Re»2002,102, 2211—
2225.

(12) (a) Kobayashi, Sl. Org. Chem1994,59, 3758—3759. (b) Furuno,
H.; Hanamoto, T.; Sugimoto, Y.; Inanaga,Qrg. Lett.2000,2, 49-52.

(c) Inanaga, J.; Sugimoto, Y.; Hanamoto,New J. Chem1995,19, 707—
712. (d) Fukuzawa, S.; Fujimoto, K.; Komuro, Y.; Matsuzawa,®tg.
Lett 2002 4, 707-709. (e) Fukuzawa, S.; Komuro, Y.; Nakano, N.; Obara,
S. Tetrahedron Lett2003,44, 3671—3674.
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2e, 58% ee (R); (S,S)-2f, 9% €8)(

In conclusion, Sm(OT$) mediated the pinacol coupling
reaction with ortho-oxazoline-substituted formylferrocene
highly stereoselectively, and ferrocenyl pinacols were first
demonstrated as useful ligands for the ytterbium-catalyzed
asymmetric Diels—Alder reaction to give the endo adduct
in up to 80% ee.
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