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Abstract: Full details of a direct catalytic asymmetric Mannich-type reaction of a hydroxyketone using a
Et,Zn/(S,S)-linked-BINOL complex are described. By choosing the proper protective groups on imine
nitrogen, either anti- or syn-3-amino alcohol was obtained in good diastereomeric ratio, yield, and excellent
enantiomeric excess using the same zinc catalysis. N-Diphenylphosphinoyl (Dpp) imine 3 gave anti-f3-
amino alcohols in anti/syn = up to >98/2, up to >99% vyield, and up to >99.5% ee, while Boc-imine 4 gave
syn--amino alcohols in anti/syn = up to 5/95, up to >99% yield, and up to >99.5% ee. The high catalyst
turnover number (TON) is also noteworthy. Catalyst loading was successfully reduced to 0.02 mol % (TON
= up to 4920) for the anti-selective reaction and 0.05 mol % (TON = up to 1760) for the syn-selective
reaction. The Et,Zn/(S,S)-linked-BINOL complex exhibited far better TON than in previous reports of catalytic
asymmetric Mannich-type reactions. Mechanistic studies to clarify the reason for the high catalyst efficiency
as well as transformations of Mannich adducts are also described.

Introduction Scheme 1. Catalytic Enantio- and Diastereoselective Synthesis of
S-Amino Alcohol via the Mannich-type Reaction

Chiral f-amino alcohol units are useful chiral building blocks . " PG -
found in various natural products, compounds with pharmaco- "NH O "NHO
logically important activity, chiral auxiliaries, and chiral liganids. anti - R ~Sx |or R X
Various methods have been developed over the past decade for pc 9 P OH L H
enantioselective and diastereoselective preparatighashino )']' . Hkx )
alcohols? Among the methods available for their catalytic R OH PG - PG .
enantioselective synthesgsatalytic asymmetric Mannich-type s NH O WH O
reaction$ of a-alkoxy enolate are of particular interest because SR X jor R 75X
two adjacent stereocenters are constructed simultaneously with OH | OH |

a concomitant carboencarbon bond formation. As shown in
Scheme 1, eithanti- or syn/3-amino alcohol is obtained in an
optically active form using suitable chiral catalysts, imines, and
nucleophiles. Toward this end, Kobayashi reported pioneering
work on the Zr catalysis using preformedTBSO- anda-BnO-
ketene silyl acetals, which selectively provided eithati- or
synp-amino alcohol, respectivefy.By changing the face
selection of enolate, stereoselective synthesis of egtyeror
anti-5-amino alcohol was achieved by the same Zr-catalysis.

synMannich andanti-Mannich adducts had the same absolute
configuration at thg-position of the carbonyl group. Akiyama
et al. reported thesynselective Mannich-type reaction of an
o-PhsSiO-ketene silyl acetal using a chiral Brgnsted acid
catalyst® Recently, more atom-economical processtsat is,
the direct addition of unmodified-hydroxyketonéto imines,
were reported by List, Barbasl® and Trost112 Excellent
selectivity was achieved; however, oslyrramino alcohols were
produced in those systertist! The development of aanti-

(1) (a) Ager, D. J.; Prakash, |.; Schaad, D.Ghem. Re. 1996 96, 835. (b)

Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Ed3ogmprehensie Asym- (6) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Angew. Chem., Int. E2004
metric Catalysis1st ed.; Springer: Berlin, 1999. (c) Ojima, |., EGatalytic 43, 1566.
Asymmetric Synthesi&nd ed.; Wiley-VCH: New York, 2000. (7) Trost, B. M.Sciencel991, 254, 1471.

(2) For reviews on asymmetric synthesis of vicinalamino alcohols, see: (a) (8) For the use of unmodified hydroxyketones as a donor in asymmetric
Bergmeire, S. CTetrahedron200Q 56, 2561. (b) Reetz, MChem. Re. carbon-carbon bond forming reactions, see, with catalytic antibodies: (a)
1999 99, 1121. Hoffmann, T.; Zhong, G.; List, B.; Shabat, D.; Anderson, J.; Gramatikova,

(3) Reviews: (a) Kobayashi, S.; Ishitani, Bhem. Re. 1999 99, 1069. (b) S.; Lerner, R. A.; Barbas, C. F., Ill. Am. Chem. S0d.998 120, 2768
Kolb, H. C.; Sharpless, K. B. Iiransition Metals for Organic Synthesis and references therein. For examples with small molecular catalysts, see
Beller, M., Bolm, C., Eds.; Wiley-VCH: Weinheim, 1998; p 243. reviews on direct aldol reactions: (b) Alcaide, B.; AlmendrosEgRt. J

(4) For a review on the catalytic asymmetric Mannich-type reaction, see: (a) Org. Chem.2002 1595. (c) List, B.Tetrahedron2002 58, 5573.
Kobayashi, S.; Ueno, M. I€omprehensie Asymmetric Catalysidacobsen, (9) (a) List, B.; Pojarliev, P.; Biller, W. T.; Martin, H. J. Am. Chem. Soc.
E. N., Pfaltz, A., Yamamoto, H., Eds.; Supplement 1; Springer: Berlin, 2002 124, 827. (b) List, B.J. Am. Chem. So@00Q 122, 9336.
2003; Chapter 29.5, p 143. See also ref 3a and: (b) Taggi, A. E.; Hafez, (10) Cadova, A.; Notz, W.; Zhong, G.; Betancort, J. M.; Barbas, C. F.,dll.
A. M.; Lectka, T.Acc. Chem. Re®003 36, 10. Am. Chem. So002 124, 1842.

(5) Kobayashi, S.; Ishitani, H.; Ueno, M. Am. Chem. S0d.998 120, 431. (11) Trost, B. M.; Terrell, L. RJ. Am. Chem. So2003 125 338.
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selective direct catalytic asymmetric Mannich-type reaction of OO o OO
o-hydroxyketone has remained problematic. In addition, catalyst oH HO

loading remained unsatisfactory in the above-mentioned OH HO
example$~1! In the Mannich-type reaction using metal cataly- OO OO
sis, ﬂ-ammo carbonyl adducts often'lnt'era.\ct 'strongly'wnh (S,S)-linked-BINOL 1

asymmetric metal complexes. Product inhibition is a formidable

problem in asymmetric Mannich-type reactions. Although recent e f

progress in asymmetric Mannich-type reactions with ketene silyl ~PPhy ~Boc
acetals and enol silyl ethers enabled catalytic use of chiral OH /w J
promoters (£5 mol %) to achieve high yield>(90%)#13the 2a Ros 4

asymmetric catalysts for the direct Mannich-type reaction, in Figure 1. Structures of $5)-linked-BINOL 1, 2-hydroxy-2-methoxy-

most cases, still require-20 mol % of catalyst loading acetophenone2@), N-diphenylphosphinoyl(Dpp) imine3, and N-tert-
- - o butoxycarbonyl (Boc) iminel.

(substrate/catalyst <20) to achieve good conversior 90%

yield).>~1112Thus, the development of an asymmetric catalysis Scheme 2. Direct Asymmetric Aldol Reaction and Michael

that has high catalyst efficiency for direct asymmetric Mannich- Reaction Catalyzed by the Et,Zn/(S,S)-Linked-BINOL 1 Complex

type reactions is desirable. To improve the substrate/catalyst aldol readlion EtoZn (4x mol %)
ratio, catalysts should be compatible wjfkamino carbonyl o} (S,SH(ianigl-I?/LI)l)\lOL1
adducts. RJ\H + 2a T MSGATHE
After a preliminary repoft on anti-selective direct catalytic ) )
asymmetric Mannich-type reactions of hydroxyket@aeising Michael readion gy, 70 (4x mol %)
a EbZn/linked-BINOL 1 complex (Figure 13°-17 we continued j\/\ (S’S)'I('Zkrﬁgﬁ/lj)\lo" !
studies to broaden the reaction scope and to improve the catalyst R! f RZW—
turnover number (TON). Here, we report full details of 2
asymmetric zinc catalysis in direct catalytic asymmetric Man-
nich-type reactions using the Zn/linked-BINOL 1 complex. or synf-amino alcohols were selectively obtained in good
By Se|ecting the proper protective group of imineS, eithi- diastereomeric ratio, y|e|d, and ee while USing the same zinc

catalyst and keton2a. Dpp-imine3 gaveanti-adducts in anti/
(12) For other examples of direct catalytic asymmetric Mannich(-type) reactions

using unmodified ketone and/or aldehyde as donors, see a review: (a) syn= up to >98/2, up t0>99% yleld’ and up t0>99.5% ee,

Cordova, A.Acc. Chem. Re2004 37, 102. For selected examples, see ~ while Boc-imine4 gavesynadducts in anti/sym= up to 5/95,

also: (b) Notz, W.; Sakthivel, K.; Bui, T.; Zhong, G.; Barbas, C. F., IIl. . .
Tetrahedron Lett2001, 42, 199. (c) Juhl, K.; Gathergood, N.; Jgrgensen, up to >99% y'eldv and up t0-99.5% ee. Itis noteworthy that

g. A. _Ar\ngexv. %hem.,tlntv\lfQQOlb40, 2892. (?u) (/imo‘?ﬁ A vgat(gggge, catalyst loading was successfully reduced to 0.02 mol % for
.-l.; Tanaka, F.; Notz, ., Barpas, C. ., ll. Am. em. S0 . . :
1241866, (e} Cedova, A.; Barbas, C. F., liTetrahedron Lett2002 43 the anti-selective reaction (TON= up to 4920) and 0.05 mol

7749. (f) Watanabe, S.-i.; @dova, A.; Tanaka, F.; Barbas, C. F., I0rg. % for the synselective reaction (TON= up to 1760).
Lett. 2002 4, 4519. (g) Hayashi, Y.; Tsuboi, W.; Shoji, M.; Suzuki, J. . . ..
Am. Chem. SoQ003 125, 11208. (h) Hayashi, Y.; Tsuboi, W.: Ashimine, ~Mechanistic studies revealed that the rate-determining step

l; Urushima, T.; Shoji, M.; Sakai, KAngew. Chem., Int. E®003 42, differed depending on the imines used. The effect§-afmino
3677. For related examples, see: (i) Bernardi, L.; Gothelf, A. S.; Hazell, K . .

R. G.; Jorgensen, K. Al. Org. Chem2003 68, 2583. (j) Marigo, M.; alcohol adducts on the zinc catalysis were also discussed.
Kjeersgaard, A.; Juhl, K.; Gathergood, N.; Jargensen, KChem.-Eur. J.

2003 9, 2359. (k) Uraguchi, D.; Terada, M. Am. Chem. So€004 126, Results and Discussion

5356 and references therein.

(13) For selected leading references, see: (a) Ishitani, H.; Ueno, M.; Kobayashi, (A) Deve|0pment of Enantio- and Diastereoselective Man-
S. J. Am. Chem. Socl1997 119 7153. (b) Ishitani, H.; Ueno, M.; . . L . . .
KobayashiY SJ. Am. Chem. So200Q 122, 8180. (c) Ferraris, D.; Young, nICh-'[ype Reactions.In our Con“nulng |nVeSt|gat|0n Of a d|reCt

B.; Dudding, T.; Lectka, T.J. Am. Chem. Socl998 120, 4548. (d) catalytic asymmetric aldol reacti#hand a Michael reactidfi
Josephsohn, N. S.; Snapper, M. L.; Hoveyda, A.JHAm. Chem. Soc. .
2004 126 3734 (€) Xue, S.; Yu, S.; Deng, Y.. Wulff, W. Dangew. Chem.,  Of hydroxyketones, a EZn/linked-BINOL 1 complex was

Int. Ed. 2001, 40, 2271. (f) Kobayashi, S.; Matsubara, R.; Nakamura, Y.; i i i i _ inc-
Kitagawa. H.: Stigiura, MJ. Am. Chem. So2003 125 2507 For examples determined to be effective for shielding the Re-face of the zinc

with metal enolate, see: (g) Hagiwara, E.; Fuijii, A.; Sodeoka,JMAM. enolate generated from keto@e. Absolute configurations of

Chem. Soc1998 120, 2474. (h) Fujii, A.; Hagiwara, E.; Sodeoka, N. _ i ; ;

Synth. Org. Chem. Jpa00Q 58, 728 () Fujieda, H.. Kanai, M.; Kanbara, prod_ucts at thet-position of_the carbonyl group were |_dent|cal

T.; lida, A.; Tomoika, K.J. Am. Chem. Socl997, 119, 2060. For an (2R) in aldol adducts and Michael adducts, as shown in Scheme

example with organocatalyst, see: (j) Wenzel, A. G.; Jacobsen, H. N. i i~ ; :

Am. Chem. So©@002 124, 12964, 2. We anticipated that an efficient enantioface se!ec'uon of the
(14) A portion of the results in this Article was reported previously as a enolate would be applicable to other electrophiles, such as

gﬁ'g,’;’;gifyhggm;\"g”gggﬁn”Sg”gg%g”igg 437';12*_<umaga'* N Harada, S jmines. Face selection of imines is important to achieve high

(19) Eqr\/thelsséntlf\}le_5$ Oflinkeg-B,l\lN% Seg_(?) Matsun:}g% _S»ghl?;s, Jk;' F;woels, diastereoselectivity. As shown in Figure 2, we hypothesized that
Am. Chem. S0c2000 122 2252, (5} Matstnaga, S.. Ohshima, T. €ither anti- or synMannich adducts would be selectively

Shibasaki, MAdv. Synth. Catal2002 344, 4. Both enantiomers of linked- obtained by choosing the proper protective group of imines
BINOL are also commercially available from Wako Pure Chemical .
Industries, Ltd. Catalog No. foiS(S)-5, No. 152-02431; and forR(R)-5, (Scheme 3) that favored the Si-face or Re-face approach toward

No. 155-02421. o _ , the Zn/linked-BINOL1/ketone2a complex, respectively. There-
(16) EtZnllinked-BINOL 1 complex in direct aldol reaction: (a) Kumagai, N.; . . .
Matsunaga, S.; Kinoshita, T.; Harada, S.; Okada, S.. Sakamoto, S.; fore, our strategy is different from that of Kobayashi et al.

Yamaguchi, K.; Shibasaki, MJ. Am. Chem. So@Q003 125 2169. (b) i i i isti i
Kumagai, N.; Matsunaga, S.; Yoshikawa, N.; Ohshima, T.; Shibasaki, M. emplo;_/ed in Zr cataly5|§PreV|ous mechanistic ?tUdleS.on the
Org. Lett.2001, 3, 1539. (c) Yoshikawa, N.; Kumagai, N.; Matsunaga, S.; Et2Zn/linked-BINOL 1 complex revealed that active Zn/linked-

'i"%ﬁgghsmm@ T.; Suzuki, T.; Shibasaki, .. Am. Chem. S02001 BINOL I/ketone2a had an oligomeric structure, containing
(17) EwZn/linked-BINOL 1 complex in direct Michael reaction: (a) Harada, —presumably seven Lewis acidic zinc centéfiVe assumed that

S.; Kumagai, N.; Kinoshita, T.; Matsunaga, S.; ShibasakiJMim. Chem. ; ; B i

3602003 125 2582 (b) Kumagai. N.; Matsunaga, S.- Shibasaki, Otg. the m_ultlnuc_:le_ar zinc complex would enat_)Ie flexible facial

Lett. 2001, 3, 4251. selection of imines depending on the protective groups. Screen-

8778 J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004
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Figure 2. Strategy to achieve enantio- and diastereoselective Mannich-
type reactions.

Scheme 3. Effects of Protective Group on Imine Nitrogen

. DPP\H 0 OMe
anti

O OMe PG =Dpp R H
N PG OH
)| . Zn-cat
R OH Boc .
on o NH O OMe
PG=Boc R~ 7}
OH

ing of various imines revealed that Dpp-imif&affordedanti-
B-amino alcohol, while Boc-iminé$ afforded syn/3-amino
alcohol (Scheme 3 Optimization of the reaction conditions,

scopes, and limitations of substrates, and trials to reduce catalyst 2

loading for both theanti- and thesynselective reactions are
described in this section.

Optimization of the reaction conditions for Dpp-imiBa is
summarized in Table 1. The addition 8& to 3a proceeded
smoothly in the presence of 5 mol % bf20 mol % of EZn,
and MS 3 A, to affordsa anti-selectively (anti/syr= 94/6) in
97% yield and 98% eea(iti-5a) (entry 1). The reaction reached
completion even with reduced catalyst loading to aff&al
without any loss of diastereo- or enantioselectivity (entry 2, 3
mol %; entry 3, 1 mol %). The reaction proceeded well with
only 1.1 equiv of2a, although there was a slight loss of
reactivity at—20 °C (entry 4). The presence of activated MS 3

A enhanced the reaction rate without affecting stereoselectivity

(entry 3 vs entry 5). The effects of hydroxyketones are
summarized in Table 2. As expected from previous results in
the direct aldol reaction using #Zn/(S9)-linked-BINOL 1
complext6aketones2a gave the best results (Table 2, entry 1).
With 4'-methoxy-substituted keton@b, the reaction rate

Table 1. Optimization of the anti-Selective Direct Catalytic
Asymmetric Mannich-type Reaction

o o}
|| EtoZn (4x mol %) Ph H
N/Pth (S,S)-linked-BINOL 1 2’>NH O OMe
)‘ + 23 (x mol %) Ar
Ar THF, —20 °C :
3a: Ar= 4-MeCsH4 52 OH
ligand1  ketone 2a time  yield? drb ee (%)
entry  (xmol %) (equiv) additive (h) (%) (anti/syn) (anti)
1 5 2 MS3A 2 97 94/6 98
2 3 2 MS 3 A 3 95 94/6 98
3 1 2 MS 3 A 9 98 96/4 98
4 1 1.1 MS3A 24 87 96/4 98
5 1 2 none 18 93 96/4 98

alsolated yield.? Determined from théH NMR spectrum of the crude
mixture.

Table 2. Effects of Hydroxyketones in the anti-Selective Direct
Catalytic Asymmetric Mannich-type Reaction

0}
I Et,Zn (4x mol %) Ph,P<
N~ PPhe (S,S)-linked-BINOL 1 U
A wemn pes
L™ OH 2 THF, MS3A,-20 C OH
Ar' = 2-MeCgHy
ligand 1 ee (%)
entry ketone:Ar? (xmol %) time (h) yield? (%) dr® (anti/syn)  (anti)
1 2a 2-MeO-GH4 1 6 99 >98/2 99
2b: 4'-MeO-GsH4 5 24 81 91/9 92
3 2c CgHs 5 24 83 72128 58
4 2d: 4-Me-CgH4 5 24 89 81/19 65
5 2e 2-furyl 5 24 84 85/15 36

a|solated yield.? Determined from théH NMR spectrum of the crude
mixture.

ee, dr=91/9). With ketones without methoxy substituents, both
ee and dr were only modest (entries-5. These results
suggested that hydroxyketones are involved in active species
affecting the stereoselectivity, as was suggested in the previous
mechanistic studies in the direct aldol reacti&nAlthough
applicable hydroxyketones were limited, Mannich adducts
should be useful as chiral building blocks when considering
the methoxy-phenyl group as an ester synthon. The methoxy
substituent oRa is supposed to assist conversion of Mannich
adducts5 into g-aminoe-hydroxy esters through Baeyer
Villiger oxidation (see section C).

As summarized in Table 3, the present asymmetric zinc

decreased, while good ee and dr were obtained (entry 2, g20,catalysis was applicable to various Dpp-imit@#\ll reactions

(18) Dpp imine was prepared by following the reported procedure. Jennings,
W. Lovely C. J.Tetrahedron1991, 47, 5561.

(19) Boc imine was prepared by following the reported procedure. Kanazawa,
A. M.; Denis, J.; Greene, A. B. Org. Chem1994 59, 1238. See also ref
13j.

(20) Other imines, such as Ts-imine, PMP-imine, and Cbz-imine, gave less
satisfactory results in terms of diastereoselectivity, reaction rate, and
enantloselect|V|ty

rt,24 h
dr =55/45

—20°C,24 h
dr =76/24
y. 78%, 30%ee02N Y. 77%, 97% ee
,PMP ©)N

—20°C,19 h
dr =53/47
y. 84%,

y. trace
95% ee

were performed with 1 mol % df, 4 mol % of EtZn, and MS

3 A. The enantiomeric excesses were uniformly high {98
99.5% ee) with imines derived fromnonenolizable aldehydes.
Imines from aromatic aldehydes having various substituents
(3a—3j) afforded products with higanti-selectivity (dr: 94/6

— 99/1, entries +10). ortho-Substituents on the aromatic rings
resulted in almost exclusive formation of taati-adducts (dr:
>08/2, entry 2 and 98/2, entry 8). Although imi8k from a.,3-
unsaturated aldehyde had lemsti-selectivity, diastereoselec-
tivity was improved at a lower reaction temperature (entry 12,
dr: 81/19 at—30 °C). Imine 3l also provided the Mannich
adduct in high ee (99%) with modeatti-selectivity (entry 13).
Diastereoselectivity was improved by increasing the bulkiness
of the protective group. As shown in Scheme 4 odiglyl)-
phosphinoyl imine3m?! gave product5m in better anti-

J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004 8779
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Table 3. anti-Selective Direct Catalytic Asymmetric Mannich-type
Reaction with Various N-Dpp-imines?

Table 4. Trials To Reduce Catalyst Loading in the anti-Selective
Mannich-type Reaction

(o} (0]
FI,IPh EbZn (4 mol %) Ph IFI, ﬁ) EteZn (4xmol %) o I
NT 2 (S,S)-linked-BINOL 1 2>NH O OMe N/Pth (S,9)-linked-BINOL 1 2’>NH O OMe
)| + 28 (1 nlol %) R J + 22 (x mol %)
R, MS 3A, THF RS Ar MS3A THFICHCL "7 X
OH 3b: Ar =2-MeGsHs ([3b] =0.7-1.1 M) 50 OH
temp time  yield® dre ee (%) ligand 1 ketone2a  temp  time  yield® drb ee (%)

entry R product  (°C) (h) (%)  (antilsyn)  (anti) entry  (xmol %) (equiv) (°C) (h) (%) (anti/syn) (anti)

1 4-MeGHas 3a 5a —20 9 98 96/4 98 1 1 2 —-20 6 99 >098/2 99

2  2-MeGHa4 3b 50 —-20 6 99 >098/2 99 0.25 2 —-20 6 99 >98/2 99

3 GCeHs 3c 5¢c —-20 6 98 96/4 99 3 0.5 1.1 0 2 >99 95/5 99

4  4-MeOGH, 3d 5d —-20 6 97 95/5 99 4 0.1 1.1 0 6 95 96/4 99

5 4-NOCeHs 3e 5e -20 9 96 97/3 98 5 0.05 1.1 0 14 89 97/3 97

6 4-ClGH4 3f 5f -20 4 97 97/3 98 6 0.05 1.5 0 6 >99 94/6 96

7  4-BrGHy 3 53 -20 4 97 95/5 98 7 0.02 15 0 24 98 98/2 97

8 1l-naphthyyl 3h 5h —-20 6 97 98/2 >99.5

9 2-naphthyl 3 5 -20 7 95 94/6 99 a|solated yield” Determined from théH NMR spectrum of the crude
10 2-furyl 3 5 —20 7 98 96/4 >99.5 mixture. ¢ Reaction was performed on the 25 mmol scale at 1.1 M on imine.
11  (E)-cinnam 3k 5k —-20 4 98 76/24 >99.5
12 3k 5k —-30 7 97 81/19 >99.5 Table 5. Optimization of the syn-Selective Direct Catalytic
13 cyclopropyl 3l 5l -30 5 98 80/20 929 Asymmetric Mannich-type Reaction

aTwo equivalents oRawas used. For less soluble imines, THFACH
mixed solvent was used. See the Supporting Informatidsolated yield.
¢ Determined from théH NMR spectrum of the crude mixture.

Scheme 4. Substituent Effects of the N-Phosphinoyl Group on
Diastereoselectivity

0 o]
|| EtoZn (4 mol %) (o-tol), B
N/P(O‘tobz (S,S)-linked-BINOL 1 2>NH O OMe
| + 2a (1 rT10| %)
MS 3A, THF H
3m -30°C,13 h 5m OH

anti/syn = 89/11
y. 93%, >99% ee

selectivity (89/11, Scheme 4 vs 80/20, Table 3, entry 13),
although reactivity decreased slightly.

The results of attempts to reduce catalyst loading are

EtoZn (4x mol %)

N~ B (S.5)linked-BINOL 1 E%>NH O OMe
)| + 2a (x mol %) Ph :
Ph MS 3A, THF :
4a 6a OH
ligand 1 ketone2a  temp time yield? drb ee (%)
entry  (xmol %) (equiv) (°C) (h) (%) (synfanti)  (syn/anti)

1 5 2 —40 19 94 88/12 99/95
2 5 1.1 —40 40 >99 79/21 97/92
3 1 2 —40 36 91 89/11 99/95
4 1 1.1 —40 40 90 84/16 95/94
5 1 2 —-20 1.5 84 87/13 98/93
6 0.5 2 —-20 25 86 86/14 99/ND
7 0.1 2 —-20 15 90 83/17 99/ND
8 0.05 2 —20 48 88 84/15 98/ND

alsolated yield.? Determined from théH NMR spectrum of the crude
mixture.

summarized in Table 4. The reactions were completed within type reactions. The commercial availability of bo&g)-linked-

6 h using 0.25 mol % catalyst to afford prodédt in excellent
yield, dr, and ee (entry 2). Importantly, diastereoselectivity and

BINOL 15 and E$Zn solution is also practically useful.
Boc-imine4 was most promising fasyntselective reactions.

enantioselectivity remained high when the reaction was per- The attempts to optimize the reaction conditions are summarized

formed at 0°C (entries 3-7). Thus, the catalyst loading was

in Table 5. The best diastereoselectivity was achieved4t

reduced at 0C, because a higher reaction rate was observed at°C using 2 equiv of keton2a (entry 1, 88/12; entry 3, 89/11).

0°C. At 0°C, the reaction proceeded smoothly with as little as
1.1 equiv of ketona using 0.5 mol % (entry 3) and 0.1 mol
% catalyst (entry 4). High yield (entry 3,99%; entry 4, 95%)

The diastereoselectivity and enantioselectivity decreased with
1.1 equiv of2a, although good yield was achieved (entries 2
and 4). At—20 °C, the reaction rate was much higher, albeit

and ee (entry 3, 99%; entry 4, 99%) were achieved. The reactionwith slightly decreased diastereoselectivity (entrie8h Trials
rate, however, decreased slightly with 0.05 mol % catalyst and to reduce catalyst loading were performed-&0 °C, because

1.1 equiv of2a (entry 5). Thus, 1.5 equiv d?a was used to

turnover frequency of the zinc catalyst was rather slow 40

achieve a good reaction rate. As shown in entry 6, the reaction°C. At —20 °C, the reaction reached completion within .5

was completed withi 6 h using 0.05 mol % catalyst, affording
the product in>99% yield, anti/syr= 94/6, and 96% ee. The
high catalyst turnover frequency 800 h1) is noteworthy. In
entry 7, the reaction was performed or &0 g scale with 0.02
mol % catalyst; 11.9 g dbb (TON = 4920, yield 98.4%, anti/
syn=98/2, 97% ee) was obtained using 3.1 mg®§)-linked-
BINOL 1 (0.005 mmol) and 2@L of Et,Zn in hexanes (0.02
mmol). The TON of the present reaction (up to 4920) was far
better than in previous reports of catalytic asymmetric Mannich-

(21) Positive effects of sterically demandingadtplyl)phosphinoyl imine over
Dpp-imine were reported. Miyazaki, D.; Nomura, K.; Yamashita, T.;
Iwakura |.; Ikeno, T.; Yamada, TOrg. Lett.2003 5, 3555 and references
therein.
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2.5 h with 1 mol % (entry 5) and 0.5 mol % (entry 6) catalyst.
Thesynadduct was obtained in high ee (989% ee) and good
dr (83/17486/14) using 0.5 mol % (entry 6), 0.1 mol % (entry
7), and 0.05 mol % (entry 8) catalyst loading. Althousymn
selectivity of the present reaction was not as high as a previous
report of direct catalytic asymmetric Mannich-type reactibris,
the far better TON in the present system is noteworthy. Another
advantage of the present reaction is the use of Boc-imine as a
substrate, because the Boc group is one of the most frequently
used protective groups for amines.

Substrate scope and limitations were examinee-40 °C
with 5 mol % catalyst and 2 equiv &fa, which afforded the
best diastereoselectivity (Table 5). The results are summarized
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Table 6. syn-Selective Direct Catalytic Asymmetric Mannich-type
Reaction with Various N-Boc-imines 4

Dpp .
EtoZn (4x mol %) NH O OMe

N-B%  (SSpinkedBNOL1 °°NH O OMe
I 42 _ (xmol%) R
R MS 3A, THF, ~40 °C 5

4 6 OH anti-5b (Ar = o-tol)

ligand1 time yield® dr® ee (%)
(xmol %) () (%) (syn/anti) (syn)

entry R product

1 CgH, da 6a 5 19 94 8812 99

2 CeHs 4a 6a 1 36 91 8911 99

3 4-MeOCgH, 4b 6b 5 25 >99 85/15 99

4 4-MeOCgHs 4b  9b 1 51 91 85/15 99

5 4MeCgH, 4c 6c 5 20 >99 8743 >995 “>NH O OMe

6 3MeCH, 4d 6d 5 20 80 8317 99 4\/U\©

7 2-MeCgHs 4e 6e 5 21 87 93/7 >995

8 2-MeCeHs 4e 6e 1 35 89 94/6 99 syn-6h (Ar = 2-naphthyl)

9 4CICgH, 4f 6f 5 27 82 8317 98
10 1-naphthyl 4g 6g 5 27 8 955 99
11 2-naphthyl 4h 6h 5 26 80 85/15 99 ;
12 2-fury| 4 > %6 >99 8218 >095 Figure 3. X-ray structures ofnti-5b andsim6h
13  2-thienyl 4j 6j 5 21 >99 86/14 99
14 3-pyridyl 4k 6k 5 21 67 72/28 89 ﬂ
15 (E)cimam 41 6l 5 Al

30 81 6337 99 [//\\P/\
; o
Ph” =
16" 3 4m  6m 5 26 95 80/20 >995 (j

(E/Z =85/15) H R
=~ QY
S
17 C/\ 4n  6n 5 30 79 58/42 99
o) ya
a|solated yield.? Determined from théH NMR spectrum of the crude Z?\}o
mixture. ¢ 4m was used ak&/Z = (85/15) mixture. Product was obtained in
E-synE-anti/Z-synZ-anti = 70/16/10/4 as determined (syn/anti80/20)
by NMR analysis.
R H
in Table 6.synAdducts were obtained in good yield (entries ® (2R.3S)-syn-6
1-11: 80—>99%), dr (entries £11: syn/anti= 83/17-95/5), Figure 4. Transition state models of Mannich-type reactions.

and ee (entries-111: 98— 99.5% ee) using imines prepared
from aromatic aldehydes. For selected examples, the reaction
was also performed with 1 mol % catalyst and still afforded a
good yield, dr, and ee (entries 2, 4, and 8). Heteroaromatic
imines were also applicable (entries-124). Imines4i and4j

had good reactivity and enantioselectivity, althougghwith a
3-pyridyl group resulted in a modest yield (67%) and ee (89%).
Imines 41, 4m, and 4n from o,8-unsaturated aldehydes gave
products in high ee, although the diastereoselectivity was poor
to modest (entries 1517).

(B) Mechanistic Studies. In the present Mannich-type
reactions, eitheanti- or syn-amino alcohol was selectively
obtained using the same J#t/linked-BINOL 1 complex. In
addition, a high catalyst TON was achieved in batiti- and
synselective reactions. The results summarized in Tables 4 and
5 suggest that the EAn/linked-BINOL 1 complex is compatible
with bothanti- andsyn3-amino alcohols. In our previous studies
on the direct aldéf2and Michael reactioti2of ketone2a using
the EbZn/linked-BINOL 1 complex, the strong affinity of ketone
2aover aldol and Michael adducts had a key role in achieving
a high catalyst TON. Becaugeamino alcohols are often utilized
as good ligands for zinc complexkmvestigations on the effects (22 ciF files of5b and6h are available as Supporting Information.

of the Mannich adducts on thegzh/linked—BlNOL 1 complex (23) Relative configyrations &a, 5b, 5j, 5k,_5|, 6e 69, and6i were determined
by NOE experiments of corresponding cyclic carbamates. Absolute and

analysis as shown in Figure?323 Absolute configurations were
determined using the MTPA method or by derivatization into
known compounds (vide infra, section &)As expected, the
absolute configurations at tleposition of the carbonyl group
were identical in bottanti-5 andsyn6, supporting our working
hypothesis (see Figure 2). Figure 4 illustrates the postulated
transition state models for thamti-selective reaction from Dpp-
imine 3 and for thesynselective reaction from Boc-iminé.

The anti-selectivity with Dpp-imine might be due to the bulky
Dpp-group on the imine nitrogen. To avoid steric repulsion
between the Dpp-group and zinc-enolate, the Mannich-type
reaction would proceed via transition state A in Figure 4,
preferentially affordinganti-adducts. The positive effects of the
sterically more hindered di-tolyl-phosphinoyl group on dia-
stereoselectivity (Scheme 4) also support our assumption. When
using less sterically demanding Boc-imidethe facial selectiv-

ity of imine should be opposite. To avoid steric repulsion
between a substituent (R) of imine and zinc-enolate, the
Mannich-type reaction would proceed via transition state B in
Figure 4, givingsynadducts*

were essential to clarify the origin of the high catalyst efficiency. relative configurations ofa and6b were determined by comparison of
; ] i i i op value and NMR after conversion infid and12 (Scheme 9). Absolute
Relative conflguranons of ManmCh adducasti-5b andsyn X configurations obb, 6h, 6], and6l were determined by Mosher’s method.
6h, were unequivocally determined by X-ray crystallographic Dale, J. A.; Mosher, H. SJ. Am. Chem. Sod.973 95, 512.
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Scheme 5. Initial Rate Kinetics of Mannich-type Reactions with
80 [] Boc-imine O (A) Dpp-imine 3b and (B) Boc-imine 4a
O Dpp-imine o (A) Initial rate kinetics of anti-selective Mannich-type re action
o 0
m} I‘DlPh Et, Zn (4x mol %) Ph II\D
S o NT 2 O OMe (S,5)-inkedBINOL1 2 >NH O OMe
o =] )‘ R (xmol %) R
£ = IELTE P REL PR PRTEPERT " Oy MS3A THFICH,Cl, R ™
B o R = otol) -20°C OH
3 40 - PR D ________________________________
g 5= o
,,,,,,,,,,,,,,,,,, Et,Zn (2.0 mol %) B ‘ rate = kppplE b Znlinked-BINOL 1]"-Cimine 3]%®[ketone 2a]'-3
o o0 linked-BINOL 1 (0.5 mo| %)
20| -0 -g --- - | ketone 2a (2 equiv) S
o fimine] = 194 mM (at ¢ = 0) (B) Initial rate kinetics of syn-selective Mannich-type reaction
o -- | =20 °C, THF/CHCl,
0 ° e Et,Zn (4xmol %)
- O  OMe (S,5)-inked-BINOL 1 “NH O OM
0 20 40 60 80 J‘ (xmol %) : g
+
me (min) R L MS 3A, THF N 2
Figure 5. Reaction profiles of Mannich-type reactions. (R=Ph) -20°C OH

The reaction profiles adinti- andsynselective Mannich-type
reactions are summarized in Figure 5. When the Mannich-type
reactions of imine8c and4aderived from benzaldehyde were
performed under identical conditions [2 mol % of,F&t, 0.5
mol % of (§9-linked-BINOL, 2 equiv 0f2a, 0.194 M, at—20
°C], Boc-imineda had a 1.9-fold higher reaction rates{c =
4.27 mM mim? vs vppp = 2.30 mM mir?) at the initial stage
(vield < 30%). Interestingly, the initial rate kinetic studies of

rate = kgoo[Et,Zn/inked-BINOL 11" Ufimine 41° %[ ketone 2a]

-0.03

different tendency. As summarized in Figure 6 and Schef%e 5,
the reaction rate of thanti-selective Mannich-type reaction of
Dpp-imine 3b had 1.0 order dependency on the concentration
of the zinc catalyst, 0.09 order dependency on the concentration
of the Dpp-imine 3b, and 1.3 order dependency on the
concentration of keton2a (Scheme 5A). On the other hand,

anti- andsynselective Mannich-type reactions had a completely the reaction rate of theynselective Mannich-type reaction of

(A) Intial rate kinetics of antselective Mannich-type readion

(A-1): EtpZn/inked-BINOL

(A-2): Dpp-imine 3b

-15 -1.0
e y=1.0x-052 P y=0.09x-28
E 25 £
s = 2.0
E £
© @ ._’J—-—"_"
® ©
5 E
£-35 E-3.0
£ £
45 -4.0
-40 -3.0 -2.0 -1 2.0 3.0 4.0 5.0

In [EtoZnlinked-BINOL 1 (mM)]

(B) Initial rate kinetics of syn-selective Mannich-type reaction

(B-1): EtoZn/linked-BINOL

In [Dpp-imine 3b (mMM))]

(B-2): Boc-imine 4a

2.0
—_— 1 '5 _—
= y=1.0x+ 0.98 -
= £ y =0.86x -3.4
E - £ 15
s s
E10 £
2 i)
© ©
s 3
H 10
=05 =
£ =
[]
0 0.5 |
-1.0 -0.5 0 0.5 1.0 4.0 4.5 5 55 6
In[EtoZn/linked-BINOL 1 (mM)] In[Boc-imine 4a (mM)]
Figure 6. Initial rate kinetics of Mannich-type reactions.
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Scheme 6. Proposed Catalytic Cycle of the anti-Selective
Mannich-type Reaction of Dpp-imine 3

Scheme 7. Proposed Catalytic Cycle of the syn-Selective
Mannich-type Reaction of Boc-imine 4

Zng(linked-binol), Zng(linked-binol )2

O OMe preformed complex O OMe preformed complex
oM EtoZn m EtoZn
2a enolate formation 2a enolate formation
M=Hor Zn ) ) —H* M =HorZn ) ) —H*
oligomeric oligomeric
2Zn/linke d-BINOL/ketone Zn/linked-BINOL/ketone
o om (ArOZn) 0} o o (Ar*OZn) (1
© ArOH= € Ar*OH =
H‘\@ inked-BINOL 1 @\(\ HK@ linked-BINOL 1 @Y\
oM = oM =
[slow] fast ] 0
M=Hor Zn - MeO, O\Z;r? M =HorZn - MeO O/,
rds Zn \ Zn
Zn-enolate/Ar*OH (Il) Boc exchange) Zn-enolate/ArOH (11)
+H* "NH O OMe +H"
protonation R protonation .
Re face|| DPP- R7s™ Re face| | B9C
imine F imine
OH
H syn-6 H
R H H H R
| H H R
P ) 1,2-addition o) Y 1,2-ad dition o
o) L MeO N~/ e _— N T
O..} N-Dpp e A 0. | N-Boc MeO Y
MeO Zn Zn (i Zn O—2zn Dep MeO “Zn Zn (|I|)BOCO~‘Z%n

ArOH/Zn-akoxide (IV) Ar*OHizn-alkoxide (V) ~ rds

Boc-imine4a had 1.0 order dependency on the concentration of (2R 39)-syn/3-amino alcohol6 would proceed smoothly.
of the zinc catalyst, 0.86 order dependency on the concentrationThys, the high TON observed in treynselective Mannich-

of the Boc-imine4a, and —0.03 order dependency on the type reaction of Boc-iminet is reasonable. The mechanistic
concentration of keton2a (Scheme 5B). These results indicate  stydies of the direct Michael reaction of methyl vinyl ketone
that the rate-determining step of the Mannich-type reaction is ysing the EfZn/(S9)-linked-BINOL 1 complex revealed the
different depending on the imine used. The proposed catalytic same tendency previousty.On the other hand, initial rate
cycle of the Mannich-type reactions is summarized in Scheme kinetics indicated that the dissociation oRR)-anti-3-amino

6 (anti-selective) and Scheme 3y(rselective). On the basis of  gicohol 5 is the rate-determining step and that the affinity of
detailed mechanistic studies of the direct aldol reactfdthe anti-g-amino alcohol5 to the EsZn/(SS-linked-BINOL 1
active species of BZn/(S)-linked-BINOL 1 are postulated to  complex is stronger than that sfnS-amino alcohol6. To

be a Zn/linked-BINOL/ketone oligomeric, probably hepta- evaluate whetheanti-B-amino alcohob had negative or positive
nuclear, complex [Ar*OZn (I), in Schemes 6 and??]Zinc- effects on the Mannich-type reaction, we performed further
phenoxide would act as a Brgnsted base to deprotonate thenechanistic studies.

a-proton of the ketone, affording a zinc-enolate (). Zincwould  p,ring the initial rate kinetics studies, we found that initiation
also function as a Lewis acid to activate imines (1ll), and then e eyisted in thanti-selective Mannich-type reaction of Dpp-
1,2-addition would give (IV). Subsequent protonation and ligand jmine 3. The reaction profile of the reaction at the initial stage
exchange of (IV) with keton@awould regenerate (I). The rate- (yielq < 896, with 0.25 mol % ligand loading) is shown in Figure
determining step in Scheme 6 is the product dissociation step7 acceleration of the reaction was observed after 15 min. We

[from (IV) to ()], while the rate-determining step in Scheme 7,y othesized thaanti-3-amino alcohob accelerated the reac-
is the 1,2-addition step [from (Ill) to (IV)]. __ tion. The experiments shown in Figure 8 indicated #ati--
The difference in the initial rate kinetics between Dpp-imine  5ing ajcohol had positive effects on the reaction rate. When

3 and Boc-imine4 is not explained well by the difference in 5 reaction rate was compared with and without additional
the reactivity of the imined’ The different observed kinetic product (20 mol %) using 0.5 mol %SS)-linked-BINOL 1

tendencies might derive from the difference in interactions ;.4 2 mol % of EZn, the reaction rate increased 1.4-fold in
between amino alcohol adducts and theZBi(SS)-linked- the presence of 20 mol % &b (Figure 8, 0.112 mM mint vs

BINOL 1 complex. Initial rate kinetics indicated thayng- 0.078 mM mirr?). When the Mannich-type reaction 88 and
amino alcohol6 would have a relatively weak affinity for the 5, (3 equiv) was performed using 8 mol % of Eh, and 1

EtzZﬂ/(S,S)-llﬂkEd-B'NOL 1 compIeX and that the dissociation eqUiV of Optically activeanti—ﬂ-amino alcohol5b [(ZR,SR)

-cat: 999 i i -
(24) The precise coordination mode of imines to Zn catalyst is unclear. Imines prepared by$,S) cat: 99% ee]’ in the absence (ﬁ@ linked

would possibly coordinate to Zn through either the oxygen atom of the  BINOL 1, reaction proceeded at a much lower reaction rate than
protective group or the nitrogen atom of imines. Because the present Zn/
linked-BINOL/ketone2a complex is oligomeric with as much as seven
zinc metals, flexible coordination of imines to the Zn/linked-BINOL/ketone  (27) Both Dpp-imine3 and Boc-iminet are known as highly electrophilic imines.
2a complex seems possible. On the basis of its stability on silica gel against hydrolysis (Dpp-imine,
(25) For detailed results of initial rate kinetics, see the Supporting Information. stable; Boc-imine, decomposed), we speculate Boc-idhiweuld be more
(26) Although mechanistic studies including X-ray crystallography, mass, and electrophilic than Dpp-imin&.
kinetic profiles suggested oligomeric active species (see ref 16a), a linear (28) In the mechanistic studies of Michael reaction2af we found that Zn-
relationship between the ee of linked-BINOL and the ee of product was (S9-linked-BINOL catalyst recognized the absolute configuration of
observed. The linear relationship would suggest that the formation of hetero- o-hydroxyketone unit well, and therefore the affinity of the Michael adduct
complex from §S)-1 and R R)-1 would be negligible. See the Supporting to zinc catalyst was low. Thus, high catalyst TON was achieved in the
Information for the detailed results. Michael reaction oRa and methyl vinyl ketone. See ref 17a.
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8
- [Et,Zn (1.0 mol % )
6 L. linked-BINOL 1 (0.25 mol %)
T Ifetpne 2a (2 equiv)
5 | _|[imine 3b]=30mM (at{= 0)
° —20 °C, THF/CHACl,
24 L
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g. o i //. -
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Figure 7. Reaction profile (yield< 8%) of theanti-selective Mannich-
type reaction of Dpp-imin&b.

o EtoZn (4 mol %) (0]
Il (S,Sylinked-BINOL1 ’LI
N~ PPhe (1 mol %) 2NH O OMe
Jl + 2a 5b (20 or 0 mol %)
Ar MS 3A, THF/CH,.Clz AT X
3b: Ar= 2-MeCgH4 5b OH
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y=0.112x+ 4.9
8
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e y=0.078x-0.15
R2=0.991
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O with 5b (20 mol %) : 0.112 mM-min™!

O without 5b :0.078 mM-min’’

Figure 8. Effects ofanti-3-amino alcohobb on the initial reaction rate of
the anti-selective Mannich-type reaction.

Scheme 8 anti-Selective Mannich-type Reaction of Imine 3d Using
anti-f-Amino Alcohol 5b and Et,Zn, in the Absence of
(S, S)-Linked-BINOL 1

/PPhg Pth\NH O  OMe (3\5
Qj OO A
(1 equiv) 5b (1 equiv) 2a (3 equiv)
0}
I
PhyP~ H O OMe

Et,Zn (8 mol %)

MS 3A THF
—20°C,6h

O : O + 5b (recovered)
OH

5d:y. 20% (NMR)
15% ee

MeO

in the presence ofyS)-linked-BINOL 1 (Scheme 8 vs Table
3). Productcd was obtained in approximately 20% yield after
6 h at—20 °C, and the ee value of the product was only 15%
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Scheme 9. Transformations of Mannich Adducts to
o-Hydroxy-f-amino Carboxylic Acid Derivative 8, a Side Chain of
Taxotere 10, and epi-Cytoxazone 122

X X
ab HN™ 'O . HN™ "0 OMe
5b —— 1 1)_8’(0
Ar Ar
7 0 OMe 8 5
Ar'=4-Me-CgH,
Boc .
de  NH O f NH O
6a — . : :
Ph" >0 Ph” > “OMe
OAc OMe OH
9 10
(Taxotere® side chain)
hi 1
Jh,i HN” SO i
6b _° j HN” SO
Arz\_$—0 OMe A,Z}_&OH
119 12
AP = 4MeO-CeHy (epicytoxazone)

aConditions: (a) concentrated HCI(aq)/THF, room temperature, 1 h; (b)
triphosgene, pyridine, Cil,, —78 °C, 0.5 h, yield 84% (two steps); (c)
mCPBA, NaHPQ,, CI(CH).Cl, 60 °C, 3 h, yield 88%; (d) AgO, cat.
DMAP, Py, 25°C, 12 h, yield 94%; (e)nCPBA, NaHPQy, 4,4-thiobis(6-
tert-butyl-m-cresol), CI(CH).CI, 60 °C, 10 h, yield 97%; (f) KCOs,
CH3OH, 25°C, yield quant; (g) TFA, anisole, 28, 2 h; (h) triphosgene,
Py, CHCl,, —78 °C, 2 h, yield 92% (two steps); (InNCPBA, NabPQOy,
CI(CHy):Cl, 60 °C, 3 h, yield 63%; (j) NaBt, AcOH, THF, 25°C, 2 h,
yield 88%.

ee [(R 3R)-major]. Because the Mannich-type reaction in Tables
2 and 3 gave products in 99% ee, the possibility of asymmetric
autocatalys® without the participation of§S)-linked-BINOL

1 was ruled out. The difference in ee value (99% ee vs 15%
ee) suggested that the affinity d§§)-linked-BINOL 1 to Zn
metal is strong enough even in the presence of a large excess
amount of (R 3R)-anti-f-amino alcohob. On the basis of these
results, we speculated thanti-5-amino alcoholbb would be
involved in the active species consisting of Z3d)-linked-
BINOL lketone2aand that (B,3R)-anti-5-amino alcohol had
positive effects on the reaction rate when usi§g)linked-
BINOL 1. For achieving high TON, the affinity of ketoriza

to Zn catalyst should be strong enough to regenerate active
species via exchange with KBR)-anti-3-amino alcohol5.
Although the exact role of the coordinatanti-5-amino alcohol

is not clear, we suppose that the steric bulkiness of tRe38)-
anti-g-amino alcohol coordinated to Zn catalyst might have
positive effects on the exchange process between another bulky
(2R, 3R)-anti-B-amino alcohol and less sterically demanding
ketone2a. Thus, product inhibition wittanti-3-amino-alcohol
was negligible in theanti-selective Mannich-type reaction of
imine 3, and high catalyst efficiency (TON up to 4920) was
achieved.

(C) Transformation of Mannich Adducts. Facile depro-
tection of theN-Dpp andN-Boc groups and transformation of
the ketone to an ester should make the present Mannich-type
reactions synthetically more useful. As shown in Schenang,
Mannich adducbb was readily converted to cyclic carbamate
7 in 84% vyield (two steps) after removal of tiheDpp group
under acidic conditions, followed by treatment with triphosgene.

(29) Review: Soai, K.; Shibata, T. Batalytic Asymmetric Synthes2nd ed.;
Ojima, I., Ed.; Wiley-VCH: New York, 2000; Chapter 9, p 699.
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Baeyer-Villiger oxidation of 7 proceeded withmCPBA to
afford ester8 in 88% yield without any epimerization, as
confirmed by NOEsynMannich adducts are also synthetically

hydroxyketone using a EZn/linked-BINOL complex. Dpp-
imine 3 gaveanti-g-amino alcohols in anti/sys up to >98/2,
up to >99% vyield, and up t0>99.5% ee, while Boc-iminé

useful, because the Boc group is one of the most frequently gavesyn-amino alcohols in anti/sys up to 5/95, up to>99%

utilized protective groups for aminesynMannich adducta
was readily converted into a side chain of Taxote@eFor the
Baeyer-Villiger oxidation of acetylated adduct ofa, the
addition of 4,4-thiobis(6tert-butyl-m-cresol) was effectivé?
affording 9 in 97% yield.10 was obtained in quantitative yield
by treatment with KCO; in CH;OH .3 Baeyer-Villiger oxida-
tion of cyclic carbamate derived frosynMannich adducgb
afforded11in 63% yield, and successive treatment with NaBH
AcOH gaveepi-cytoxazonel?2 in 88% yield3?

In summary, we achieved highly efficient direct catalytic

yield, and up t0>99.5% ee. It is noteworthy that the high
catalyst TON was achieved in bo#nti- and synselective
Mannich-type reactions (TOMN: up to 4920 for anti and up to
1760 for syn). Mechanistic studies provided clues to the origin
of the high TON. Application of asymmetric zinc catalysis to
other reactions such as carberarbon bond forming reactions
using unmodified carboxylic acid derivatives is in progress.

Acknowledgment. We are thankful for financial support from

a Grant-in-Aid for Specially Promoted Research, Grant-in-Aid
for Encouragements for Young Scientists (B) (S.M.) from JSPS

enantio- and diastereoselective Mannich-type reactions of aand MEXT, and a JSPS Research Fellowship for Young

(30) Kishi, Y.; Aratani, M.; Tanino, H.; Fukuyama, T.; Goto, T.; Inoue, S.;
Sugiura, S.; Kakoi, HJ. Chem. Soc., Chem. Commu®72 64.

(31) []*% —6.1 (c 1.4, CHC}); spectral data matched well with the reported
data. lit. p]%% —7 (c 1.2, CHC}): (a) Denis, J.-N.; Correa, A.; Greene,
A. E. J. Org. Chem.199Q 55, 1957. 1]?% —6.81 € 1.0, CHC}): (b)
Hamamoto, H.; Mamedov, V. A.; Kitamoto, M.; Hayashi, N.; Tsuboi, S.
Tetrahedron: Asymmetr00Q 11, 4485.

(32) [0]%% —27.2 € 1.1, MeOH); spectral data matched well with the reported
data. lit. )28, —30.4 € 1.0, MeOH): Sakamoto, Y.; Shiraishi, A.; Seonhee,
J.; Nakata, TTetrahedron Lett1999 40, 4203.

Scientists (N.K.). We thank Prof. S. Kobayashi and Mr. S.
Harada at the University of Tokyo for support in X-ray analysis.

Supporting Information Available: Experimental procedures,
characterization of the products, detailed data for the reaction
kinetic studies, and CIF files. This material is available free of
charge via the Internet at http://pubs.acs.org.

JA0482435

J. AM. CHEM. SOC. = VOL. 126, NO. 28, 2004 8785



