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Chiral oxazaborolidine& are very useful catalysts (e.g. with R Scheme 1

= H, Me, n-Bu, or Ar) for the enantioselective reduction of ketones boar Ar H oA Ar
with BHz*THF or catecholborane as stoichiometric reductants, a O_K‘ TIOH @_(\
e
N_ O NGO, 0
H B
Y]

reaction that is of interest because of its wide scope and the

~

extraordinary predictive power of the underlying mechanistic Z d *on
pathway’? We describe herein a new type of catalytic enantiose- 1 2
lective Diels—-Alder reaction that was inspired by this process and ”
which employs a proline-derived oxazaborolidine of typeas
precatalyst and triflic acid as activator to generate a potent cationic '-" Ar A ’-* Ar A
Lewis acid. In essence, a very strong protic acid is used to create @_5(' ' methacrolein @_K' '
a very strong Lewis acid, the reverse of the formation of a proton ~‘N‘B’°’“H __— sN\B/O
superacid from a Lewis acid, for example HFBF; — H* BF,~. H 4 b= H 'L

The reaction of the oxazaborolidide R = Me and Ar= CgHs, m1c® 4 _S.: 10° 3
with anhydrous triflic acid (ratio 1:1) in C}l, (or CD.Cl,) results Me

in the formation of an equilibrium mixture of twbl-protonated
species Z and 3 in Scheme 1) as indicated by low-temperature
(—80°C) H NMR analysis® No appreciable amount of triflic acid
appears to be present with these 1:1 mixture$ aifid triflic acid.
The ratio of2 to 3 in CD,Cl, at —80 °C is approximately 1.5:1.
The interconversion a2 and3 is slow on the'H NMR time scale,
but becomes rapid at @C, the coalescence temperattifg, The

carried out with the results that are summarized in Table 1. As
indicated earlier, triflic acid was more effective than the weaker
methanesulfonic acid (entry 13) in generating an active Biels
Alder catalyst; the unprotonated oxazaborolidiheshowed no
catalytic activity (entry 14). The nature of the boron substituent
was found to be important to enantioselectivity, since much lower
enantioselection resulted from the uselpR = Me or Bu, than

protonation of oxazaborolidin& by triflic acid is supported by ¢ 1 R= CH ies 1-3). The best B-arvl substi found
downfield shifting (up to 0.5 ppm) of peaks corresponding to the rom .., K= Lefls (entrles ). The best B-ary sy stituent foun
thus far iso-tolyl (entries 6 and 1216). Ar = 3,5-dimethylphenyl

methylene and methine hydrogens adjacent to nitrogen, and the | substituent i bett tioselectivity relative t
appearance ofN—H signals between 6.3 and 6.8 ppm. The species as an aryl substituent thgave betler enantioselectivity relative to
Ar = phenyl in some cases, which is consistent with results from

2 and3 are stable in CKCl; in the temperature range 0 80 °C. . . . . . .
Addition of 1 equiv of DMF results in &DMF complex, suggested previous studies and with the neighborimglonor effect described
by the upfield shifting of the B-Me peak from 0.4 tc; 0.0 ppm abovetSt6.7Independent experiments varying the ratid o triflic

' ' ) acid pointed to 1.2:1 as the optimum.

The Lewis acidity of the cationic Lewis acRlwas expected to After determinati fth (f bl ters for Diel
be high because of its cationic charattemd because its formation er determination ot the most favorable parameters for Biels
Alder reactions catalyzed by the cationic Lewis acdthe scope

requires the very strong triflic acid (methanesulfonic acid generates . . )
d y d ( g of this process fo6A and6B was studied with the results shown

relatively weak catalytic activity froni). These findings plac8 . . : o .
and triflic acid near one another on an effective acidity scale. In in Table 2. Excellent yields and enantioselectivities were obtained
fact, our results on catalysis of Dieté\lder reactions show that W!th 2-methyl or g-brom_oacrole!n an_d a variety of 1,3-dienes, The
triflic acid and3 lead to similar reaction rates &t94 °C. Diels—Alder reactions with reactive dienes such as cyclopentadiene
are fast even at-95 °C, an indication of the very strong Lewis

The rationale for the application & to the enantioselective idity of theN q IVSBA or 68 hat
catalysis of Diels-Alder reactions ofo,f-unsaturated aldehydes acidity o theN-protonated catal ystA or (rate_s are somewha
faster with the former). Good yields and enantioselectivities were

is derived from previous research on Lewis superacids and catalytic b d for th i ¢ th lativel tive butadi
enantioselective reaction pathwdy8.Coordination of thex,5-enal observed for the reactions ol the relatively unréactive butadiene
and 1,3-cyclohexadiene, confirming the potent Lewis acidit§/Aof

to 3 was expected to lead to an organized formytk:--O : o~ . .
hydrogen bonded complex {n Scheme 135 In that complex the and6B and suggesting the possibility that a wide range of dienes
can be used in enantioselective Die/slder reactions witha,3-

electron-deficienty,5-enal subunit can attract thes Ar group on enals

C(5) of the oxazaborolidine ring by a—m donoracceptor ) . .

interaction (see below)?*¢ This attractive interaction will persist . 'Tl'hglabzs?llute (l:)onflgurat_lons do;the Dielalder prodfucts_shlo wn

in the Diels-Alder transition state since the formyl carbon maintains In fable £ have been assighed by measurement of optical rotation
and comparison with known substanéésCatalysts6A and 6B

its strong positive charge all along the reaction pathtvéy. . 4 . .
Optimization studies on the application of the cationic ox- are the only ones known to effect highly enantioselective reaction
between butadiene and 2-methylacroféin.

azaborolidine3 as a catalyst for enantioselective Dieklder The absolute st hemical f the Didlsl i
reaction to determine the most favorable reaction parameters were € absolule stereochemical course otthe erreactions

represented in Table 2 can be understood in terms of the type of
* Address correspondence to this author. E-mail: corey@chemistry.harvard.edu. catalyst-aldehyde complex shown #hand the pre-transition-state
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Table 1. Optimization of Asymmetric Diels-Alder Reactions
H Ar
o
+ HX
N\ /o
Me A 6:3) Lba‘,cuo
@ \n/ CHzCE '95 c - Me
5
HX % yield
entry R Ar (6 mol %) (exo:endo)? % ee®

1 Me Ph TfOH 98 (92:8) 20

2 Bu Ph TfOH 98 (93:7) 6

3 Ph Ph TfOH 91 (83:17) 75

4 4-MeO-Ph Ph TfOH 96 (89:11) 76

5 4-Me-Ph Ph TfOH 95 (88:12) 77

6 2-Me-Ph Ph TfOH 91 (89:11) 90

7 2-Et-Ph Ph TfOH 73 (89:11) 78

8 24Pr-Ph Ph TfOH NR ) -

9 2-biphenyl Ph TfOH 91 (92:8) 56
10 2,6-Me-Ph Ph TfOH NR €) -
11 1-naphthyl Ph TfOH 93 (80:20) 81
12 2-Me-Ph Ph NfOH 95 (88:12) 91
13 2-Me-Ph Ph MsOH 30 (87:13) 90
144 2-Me-Ph Ph none NR~) -
15 2-Me-Ph 2-naphthyl TfOH 92 (92:8) 91
16 2-Me-Ph 3,5-MgPh TfOH 99 (89:11) 96

agxoendo determined by!H NMR analysis? Enantioselectivities
determined by reduction to the primary alcohol (NagHonversion to
the Mosher ester antH NMR analysis —95 to —78 °C. ¢ —95 to 0°C.

assembly depicted ii. In 7 the formyl carbon is situated above
C(2) of the nearby 3,5-dimethylphenyl group, which effectively
screens the rear face of the complesethnsa,5-enal from attack
by the diene component. Addition of the diene to tee(front)
face of thea,-double bond leads to the enantiomers shown in
Table 21°

Me

{

Me’ g

H ')‘H\
GMZ_ES}‘

We believe that there are many potential uses for catasts
and6B (and their analogues) in catalytic enantioselective synthesis
beyond those outlined herein. These powerful, new chiral Lewis
superacids are easily generated from commercially available amino
alcohols by condensation with an arylboroxine to give an ox-
azaborolidine and subsequent activation with triflic acid. Finally,
it is likely that the use of triflic acid to generate strong chiral Lewis
acids has great potential in enantioselective synthesis.
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Table 2. Diels—Alder Reactions of 1,3-Dienes with 2-Methacrolein
or 2-Bromoacrolein (CH.Cl) Catalyzed by Chiral Lewis Acid 6A or
6B3

Me BA(R=H)
TfC@ 6B (R = Me)
Diene Product Cat® Condt  %vyield®  %ee®
(mol %) (°C,h) (exo:endo)
CHO A(6)  -951 9 (91:9) 91
( B()  -951 97 (91:9) 96
Me
CHO A() -951 9 (91:9) 92
g B(6) -951 99 (91:9) 96
Br
yle
z cHo B(6) -7813 9 97
S
éBr
z =CHO A() 951 98 97
x> B(§) -951 98 97
e
Z [ CHO B(20) -78,24 8 94
~ (20)
& :
z s C HO A (6) -95,2 95 96
™ B(6) -952 97 96
A(20) -7824 91 (595 92
7 Me B(20) -78,24 58 (6:94) 92
CHO
A6  -952 81 (6:94) 92
7 Br B(6) -952 85 (7:93) 92

3

aRatio of 1.TfOH= 1.2:1.P Exaendoratios were determined biH

NMR analysis.c Enantioselectivities were determined by reduction to the
primary alcohol (NaBH), conversion to the Mosher ester, alidl NMR
analysis, or conversion to the benzoate and HPLC analysis.
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(8) The diarylprolinol from which catalyst6A and 6B are made can be
recovered for reuse>(95%) upon workup.

(9) Since triflic acid is a powerful catalyst for the Dieldlder reactions
reported herein, in C€Cl,, even at—94 °C, the high enantioselectivities
recorded in Table 2 argue against its presence in significant amount in
the reaction mixtures.

(10) The formation oexoformyl adducts from 2-methyl or 2-bromoacrolein
and cyclopentadiene (Table 2) is characteristic of these reattamts is
likely due to less steric repulsion between #a7-H andexoformyl
group than forexabromine or -methyl in the transition states.
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