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been synthesized and used as chiral building blocks. A
catalytic asymmetric vinylogous Mannich (AVM) process
would constitute a more efficient strategy, one that does not
require pre-existing chirality.”) As illustrated in Equation (1)

2 1 PG _PG
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Ar O 3 1) 0o
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(PG = protecting group), a catalytic AVM involving a siloxy-
furan can deliver synthetically versatile, enantiomerically
enriched products that bear two stereogenic centers
appended to a y-butenolide.

In 1999, Martin and Lopez reported a method (Ti-
catalyzed) for addition of siloxyfurans to 2-aminophenol-
derived imines; reactions proceeded in 40-92 % de but in only
up to 54% ee.l! Terada and co-workers have outlined an
enantioselective (up to 97 % ee) protocol for Brgnsted acid
catalyzed Friedel-Crafts reactions of N-Boc aldimines with 2-
methoxyfuran. Enantiomerically enriched furan-2-ylamines
may be oxidized to afford alkylamine-substituted y-buteno-
lides [Eq. (1)] by a two-step sequence that generates the
carbinol stereogenic center with moderate diastereoselectiv-
ity (70% de).”!

Herein we report the first highly diastereo- and enantio-
selective protocol for catalytic AVM reactions. Ag-catalyzed
transformations'® proceed in >98% de, in 79 to >98% ee
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transformations are carried out in air with undistilled solvent
and undistilled additive, in the presence of 1-15mol%
commercially available AgOAc (not purified) and an easily
accessible chiral phosphine (three steps, 50 % yield). Siloxy-
furans are commercially available and/or readily prepared
(one step, 90 % yield).

As the data summarized in entry 1 of Table 1 illustrate, in
the presence of 1 mol% 1a,® 1 mol% AgOAc, 1.1 equiv-
alents {PrOH, in undistilled THF and in air, reaction of
aldimine 2a and commercial siloxyfuran 3 affords y-buteno-
lide 4a in >98% de, 95% ee’! and 82% yield. When 1b,
bearing a rLeu (vs. iLeu) unit (entry2) or ligand le¢,
containing the less expensive Val (entry 3) is used, similar
reactivity and selectivity is observed.® The efficient reaction
with 3 is especially noteworthy and was somewhat surprising,
since we had previously established that silylketene acetals do
not participate (<2 % conv.) in this class of catalytic Mannich
reactions.®¥ It is likely that this change in reactivity, in spite of
somewhat lower nucleophilicity of siloxyfurans (vs. ketene
acetals)” is the result of reduced steric hinderance at the
reacting carbon. As represented by catalytic AVM in
entries 4-5 (Table 1), one of the chiral phosphines (1a, 1b,
or 1c¢) can deliver slightly higher efficiency (90% vs. 85%
conv.) and enantioselectivity (97 % vs. 93% ee); others are
shown in entries 12-13 and 15-16. Reactions proceed readily
and with high enantioselectivity with electron-rich (entries 4—
5 and 15-16) and electron-poor (entries 6-9 and 14) aryli-
mines. Sterically demanding ortho-substituted aldimines, such
as 2f (entries 10-11), 2¢g (entries 12-13), and 2h (entry 14)
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Table 1: Ag-catalyzed AVM with siloxyfuran 3.

1-5 mol %

" 1laR= S)sBu 1bR=1Bu;1cR=/Pr aAr
@ | :
o~ “OTMS 1.1 equiv undistilled PrOH, 4 %

1-5 mol % AgOAc

3 undistilled THF, —78 °C, 18 h, in air
Entry Ar Ligand Conv.  Yield de ee
(mol%s) [ (4" [l [3%]"
1 Ph a la(l) 91 82 >98 95
2 Ph a 1b(1) 94 82 >98 96
3 Ph a 1c(1) 8 77 >98 92
4 p-MeOCH, b Ta(l) 85 76 >98 93
5 p-MeOCH, b 1b (1) 9% 85 >98 97
6 p-NO,CH, ¢ 1a(l) >98 98 >98 91
7 p-CICeH, d Tla(l) 94 89 >98 93
8 p-CICeH, d 1c(1) 98 86 >98 92
9 m-NO,CH, e Ta(l) 94 75 >98 93
10 2-naphthyl f la(l) 9% 94 >98 98
1 2-naphthyl £ 1b(1) >98 94 >98 98
12 o-MeCgH, g la(5) 8 73 >98 93
13 o-MeC¢H, g 1b(5) 73 65 >98 94
14 0-BrCsH, h 1a(3) 89 60 >98 93
15 2-funyl i 1a(l) 98 77 >98 84
16 2-furyl i 1b(1) 98 78 >98 90

[a] Determined by analysis of 400-MHz 'H NMR spectra. [b] Isolated
yields of purified products. [c] Determined by chiral HPLC analysis; see
the Supporting Information for details.

can be used; higher catalyst loadings, however, may be
required (3-5 vs. 1 mol%). The presence of iPrOH as an
additive is required for high conversions,'” particularly with
larger-scale processes where adventitious moisture is less
available (H,O is an effective additive!'!)).

Reactions of 4-Me-substituted 5, prepared from the
commercially available lactone precursor (TMSOTS, Et;N,
0°C; 90% yield; TMS =SiMe;, OTf = OSO,CF;) have been
examined. As the data in Table 2 indicate, with 5 mol% 1a
and AgOAc, 6a-b, 6d, 6h, and 6j are obtained in > 98 % de,
64-97 % yield, and 83-90% ee.'" Phosphine 1¢, bearing the
less expensive Val moiety, can be used, but products are
obtained in slightly lower selectivities (e.g., 93 % conv., 90 %
yield, 84 % ee for 6a in entry 1). Higher catalyst loadings are

Table 2: Ag-catalyzed AVM reactions with substituted siloxyfuran 5.

5mol % SBU OMe
\
"y [::Ii\ \T::]\ L,
PPh
N + U -

)| o~ TOTMS 5 mol % AgOAc /\Q
Ar 2 5 1.1 equiv undistilled PrOH, 6

undistilled THF, =78 °C, 18 h, in air o

Entry Ar Conv. Yield de ee

[%][a] [%][b] [%]la] [%][CI

1 Ph a 92 85 >98 87
2 p-MeOC¢H, b 80 70 >98 83
3 p-CICgH, d >98 97 >98 90
4 0-BrCgH, h 98 64 >98 89
5 p-BrCsH, i >98 90 >98 88

[a]-[c] See Table 1.
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needed for synthetically useful conversions and yields
(5 mol% vs. 1 mol % typically required for 3).

Catalytic AVM of 3-substituted siloxyfuran 7 (Table 3)
proved more complicated, requiring identification of a new

Table 3: Ag-catalyzed AVM reactions with substituted siloxyfuran 7.
OtBu

10-15 mol % MeO.
13, o G L, ]@
A\ PPh,
N * @\OTMS N e
10-15 mol % AgOAc, o)
Ar 2 7 1.1 equiv undistilled PrOH, 8 Y
undistilled THF, =60 °C, 18 h, in air

Entry Ar Mol%  Conv. Yield de ee
P M [ (o)

1 Ph a 10 88 70 >98 85

2 p-MeOCH, b 15 71 66 >98 88

3 p-CICgH, d 10 93 82 >98 83

4 0-BrCeH, h 10 >98 65 >98 79

[a]-[c] See Table 1.

optimal chiral ligand. Catalytic AVM of 7 and 2a with 1a or
1b (5 mol% loading, —78°C, 18 h) resulted in diastereose-
lective (>98 % de) but inefficient transformations (25 % and
34 % conv., respectively); furthermore, enantioselectivity was
disappointingly low (35 % and 23 % ee, respectively). Exami-
nation of alternative chiral ligands was thus performed,
leading us to discover that 1d, bearing a Thr(zBu) residue,
delivers the AVM product in 79 % ee (48 % conv.). Subse-
quent optimization led us to establish that at —60°C, 8a is
obtained in >98 % de, 85 % ee, and 70 % yield. Ag-catalyzed
AVM of 7 with electron-rich 2b and electron-poor 2d and 2h
gives 8b, 8d, and 8h in 66-82 % isolated yield and 79-88 % ee
(entries 2-4, Table 3). Two additional points merit mention:
1) Ligand 1d is ineffective for reactions of 3 or 5. For example,
with 3 mol % 1d (—78°C), formation of 6a (entry 1, Table 2)
proceeds to 91 % conversion but in < 5% ee. 2) In contrast to
catalytic AVM of 3 (Table1) and 5 (Table?2), with 3-
substituted 7, it is the syn diastereomer that is formed
exclusively (Table 3). Determination of the absolute stereo-
chemistry of 8% indicates that the opposite aldimine enantio-
face undergoes addition.

Preliminary mechanistic models are shown in Scheme 1.
The Lewis acidic'¥ chiral complex may associate with the
aldimine substrate through bidentate chelation (cf. I,
Scheme 1). In the activated complex, to minimize steric
interactions, the substrate is bound anti to the bulky amino
acid substituent (R). The catalyst-bound imine may react with
the siloxyfuran by an endo-type addition (D)™™ to generate
IL'Y Intramolecular desilylation by the Lewis basic amide
terminus of the chiral ligand delivers III. Product release is
facilitated by iPrOH by desilylation of the amide terminus
and protonation of the N—Ag bond. Such a pathway should be
unfavorable for siloxyfuran 7 because of steric repulsion in
the catalyst-bound imine (V). Thus, in reactions involving 7,
the exo-type mode of addition VI may be favored, leading to 8
(Table 3). Additions of 7 may be more sluggish because of a
transition structure that requires positioning of the imine’s
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Scheme 1. Mechanistic models. Si=trimethylsilyl group.

aryl group and the siloxyfuran in the proximity of the amino
acid substituent (R).'”! The origin of the dependence of
specific catalyst classes for reactions of particular siloxyfurans
(e.g., inefficiency of 1a for AVMs of 7 or of 1d for additions of
5) is unclear.

The above hypotheses suggest that C-terminal amide
Lewis basicity is critical to reactivity and enantioselectivity of
catalytic AVM reactions; this is supported by the data in
Table 4. In contrast to the AVM of 2a and 3 promoted by 1a
(>98% conv., 94 % ee), the ligand bearing a p-trifluorometh-
ylaniline amide (9; entry 2, Table 4) gives 55% conversion
into 4a in 85% ee. Ligand 10 (entry 3), with an n-butylamide
terminus, is equally active (>98% conv.) but initiates a less
enantioselective AVM (87 % vs. 94% ee with 1a). The less
Lewis basic methyl ester of 11 (entry 4) is less effective (70 %

Table 4: Effect of ligand structure on efficiency of catalytic AVM.

MeO. sBu
Pl ““@

PPhg
Ph 2a

M\ 5 mol % AgOAc, Ph
Q\OTMS s 1.1 equiv undistilled /PrOH, 4a O

undistilled THF, =78 °C, 18 h, in air e}

Entry G R Ligand Conv. de ee
[%][a] [%][al [%][bl

1 H N(H)-p-MeOCH, 1a >98 >98 94

2 H N (H)-p-CF;CeH, 9 55 >98 85

3 H N(H)nBu 10 >98 >98 87

4 H OMe n 70 >98 13

5 OMe (H)-p-MeOCeH, 12 86 >98 82

[a] Determined by analysis of 400-MHz 'H NMR spectra of unpurified
products. [b] Determined by chiral HPLC analysis; see the Supporting
Information for details.
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conv.) than 1a and delivers nearly racemic 4a (—13 % ee). The
amide moiety might prolong catalyst longevity by providing
stabilization of cationic Ag complexes (e.g., IV). Moreover,
amide termini can stabilize intermediates (e.g., III,
Scheme 1), which contain a positively charged C terminus.
The lower activity of electron-rich phosphine 12 (entry 5)
points to the importance of a Lewis acidic phosphine-Ag
complex.

Anisidyl groups are removed by a one-pot procedure with
PhI(OAc), (commercial, used directly).!'®! Synthetically ver-
satile derivatives, such as amine 13 and Cbz amide 14, can be
obtained in >98% de (Scheme 2). Conversion into enantio-
merically enriched 15 (Scheme 2) illustrates one of several
functionalization possibilities that the butenolide moiety
offers.

NH,
Voo PhI(OAc),, MeOH, 0 °C, 45 min;  Ph A\
:@ 1.0 MHCI, 0 °C to 22 °C, 1 h; . 0
Na,COs; CH,Cl
Hy 2ve M2t 76% yield ©
/ﬁ/\} NHCbz
PhI(OAC),, MeOH, 0 °C, 45 min;  p” N\
(92% e0) 1.0M HCI, 0 °C to 22 °C, 1 h; O
Na,COs; CH,Cly, CbzCl, 4 h
gy wieve 76% yield O
MeO.
:@ 1. Hp, 10% w/w Pd/C, E1OAC, o
HI 2h; 95% HN

\ 2. Phl(OAc), MeOH, 0 °C, 45 min; P
1.0 MHCI, 0°C to 22 °C, 1 h;
Na,COs; CH,Cly; 71% 15 OH

92% ee) 3. DBU, 120 °C, 18 h, 70%

Scheme 2. Functionalizations of catalytic AVM products. Cbz =benzyl-
oxycarbonyl; DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene.

The present catalytic asymmetric protocol is exceptionally
practical. As shown in Equation (2), Ag-catalyzed AVM and
unmasking of the enantiomerically enriched amine can be
carried out efficiently on a multigram scale with only 1 mol %
catalyst loading.

MeO 1. Ag-catalyzed AVM NH,
(1 mol % loading;
7\ see Table 1) Ph
N + O\OTMS o g > @
)| O 2. oxidative removal o
Ph 2a 3 (see Scheme 2) 13 o}

5.0 g (23.6 mmol) 92% ee, 73% overall yield

Applications to reactions of enolizable aldimines!"” and
mechanistic studies are in progress.
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