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ABSTRACT

5 mol % (R,R)-7

OSiMes 10 mol % i-ProNEt o OH
+ R'CHO + SiCl,
R™ "CH; CHoClp, -72°C RM R
R = Me, alkyl, R'= aryl, alkenyl, yields: 54-99%
aryl heteroaryl er: 78.0/22.0-99.5/0.5

A highly enantioselective addition of silyl enol ethers derived from simple methyl ketones is described. The catalyst system of silicon tetrachloride
activated by a chiral bisphosphoramide (R,R)-7 effectively promotes the addition of a variety of unsubstituted silyl enol ethers to aromatic,
olefinic, and heteroaromatic aldehydes in excellent yield.

The stereoselective addition of methyl ketone enolates to enolates, (3) direct aldol addition8,and (4) chiral Lewis-
carbonyl compounds is a synthetically powerful transforma- base catalysi& Although each of the above stated methods
tion in synthesis. In both auxiliary-mediafeds well as have shown considerable success, the attention given to chiral
catalytic enantioselective methotistereochemical control  Lewis acid catalysis far exceeds that given to the rest.
of these additions is generally more difficult than with their Typically, these catalysts are generated through complexation
ethyl ketone homologues. It has been proposed that theof chiral ligands to a strongly Lewis acidic, achiral metal
absence of the substituents on the enolate allows for theatom. However, ligand addition often attenuates the elec-
intervention of competitive transition structures that com- trophilicity of the metal center due to the donor properties
promise selectivity. Nevertheless, a number of strategies haveof the ligand’ Therefore, preformation of the catalyst or a
been developed for controlling the stereochemical course ofhigh association constant is necessary to suppress the achiral
the addition (Scheme 1): (1) the use of chiral Lewis acids background reaction from the nascent Lewis &cid.

(also in analogous ene reactiodsf?) transition metal _
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We have recently described a conceptually novel approachcatalyst (R,R)-?,1.1 equiv of SiCl, and 1.0 equiv of
to carbonyl addition reactions that combines the use of chiral benzaldehyde in C}l, at —78 °C. After 4 h, the reaction
Lewis bases to generate catalytically active chiral Lewis was quenched at @C (Table 1). The reactivity of these
acids? In the presence of catalytic amounts of a chiral enolates was found to be highly dependent on the size of
phosphoramide, the weak Lewis acid Si€hn be activated  the spectator group. Whereas up to 81% yield was obtained
to form a strongly Lewis acidic chiral species through with enolate2, thea- andS-branched enolate3, 4, and6
coordination and subsequent ionization of a chloride ligdnd. gave lower yields. Enolatg, flanked by aert-butyl group,
Only after coordination of phosphoramide is SiGuf- did not undergo addition under the same reaction conditions.
ficiently Lewis acidic to promote addition under reaction On the other hand, the enantioselectivity observed was
conditions. Thus, the catalyst can be generated in situ withoutuniformly high (up to 99.5/0.5 er) and independent of the
concern for an achiral background reaction. The dramatic spectator group. Encouraged by the excellent enantioselec-
sensitivity of this catalyst to substituents on the enolate tivities obtained, further studies were undertaken to improve
structure suggested that the asymmetric environment couldthe reaction yieldstH NMR analysis of the crude reaction
be suitable for the smaller, less selective methyl ketone mixture after quenching revealed the presence of only aldol
enolates. Following the nucleophilicity scales developed by product and unreacted starting materials. Because there were
Mayr and co-workers!! silyl enol ethers of methyl ketones  no obvious competing side reactions, the incomplete reaction
should be viable nucleophiles in this process by virtue of might arise from inefficient catalyst turnover or slow reaction
their placement between silyl ketene acétabnd allyl- rate.
stanne$2both of which have been used successfully. Herein,
we report the catalytic enantioselective addition of methyl _
ketone-derived silyl enol ethers to a variety of aldehydes. " i,

s Table 1. Initial Aldol Additions of TMS Enol Ethers to

The initial survey of the ketone spectator group structure Benzaldehyd®

included the simple silyl enol etheis-6. Enolated and5

were prepared by treatment of the corresponding ketone with OSiMe, oY OH
inati sicl, — 22—~ »
a combination of EN and TMSOTT at room temperatute. RS, F OO SO KOs (@) a A
Enolate2—4 and6 were prepared by kinetically controlled KF (aq.)
enolization of the methyl ketones using LDA af78 °C,
and the resulting enolates were then treated with TMSCIl to __entry enolate R yield,* % ert
yield the TMS enol ethers show#. 1 2 n-Bu 81 99.0/1.0
2 3 i-Bu 70 99.0/1.0
OSiMe;  OSiMe;  Me OSiMes 3 4 i-Pr 72 99.5/0.5
Mo, mBuSeHy Me A NGH 4 > rBu nr nd
e e mE 2 e 2 Oe Ve 5 6 Ph 76 97.0/3.0
1 2 8 ) N\P/:O a All reactions employed 1.1 equiv of SiI1.2 equiv of enolate, and
OSiMe; OSiMe; OSiMes NT NT(CH)e 0.05 equiv of R,R)-7at 0.2 M in CHCl, at —78 °C for 4 h.> Chromato-
Me. CHy me CH, CHy CO Me Me graphically homogeneous materiaDetermined by CSP-SFC.
e Me 2
(R.AR)T

4 5 6
To improve catalyst turnover, a Sidbading study was
performed to investigate the effect of increasing the con-

Orienting experiments employed the reaction conditions centration of SiCjon the product yield (Table 2). Although
established for the aldol addition of silyl ketene acetals to jncreasing the SiGlloading to 1.5 equiv gave a slight

benzaldehyd& Thus, 1.2 equiv of the silyl enol ether were  increase in yield, the higher Sidbadings did not assist in

Further optimization focused on increasing the reaction
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ngew. Chem., Int. Ed. Engl997, 36, . amada, Y. M. A.; : ) ; . .
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Soc.2001, 123, 5260. (g) List, B.; Pojarliev, P.; Castello, Org. Lett. (9) Denmark, S. E.; Wynn, TJ. Am. Chem. So2001,123, 6199. (b)
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(6) Denmark, S. E., Stavenger, R. Acc. Chem. Re<2000, 33, 432. 13405.
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amide species that also must undergo ionization to form the
catalytically active species. Accordingly, the use of TBAI
and TBAOTTf as additives in the reaction was examined.

Table 2. SiCl, Loading Studies on the Addition & to
Benzaldehyde

1. 5mol % (R.R)-7

OSiMe; . CH.CL. -78°C O OH
PhCHO + SiCly —2=2 = <5
n-Bu > * e 42. NaHCO; (aq.), n.Bu)k/l\Pr
KF (aq.)

entry SiCly, equiv yield,” % ere
1 1.1 81 99.5/0.5
2 1.5 86 99.5/0.5
3 2.0 81 99.5/0.5
4 3.0 81 99.5/0.5
5 4.0 82 99.5/0.5

a All reactions employed 1.2 equiv of 2 and 5 mol ®,R)-7at 0.5 M
in CHyCl, at —78 °C for 2.5 h.P Chromatographically homogeneous
material.¢ Determined by CSP-SFC.

Both TBAI and TBAOTf were found to improve the
reaction yield without affecting the enantioselectivities. How-
ever, TBAI also promoted the formation of the unsaturated
ketone side product. Therefore, an enolate survey with
benzaldehyde was performed with the addition of 5 mol %
TBAOTT (Table 3). Although the increase in yield for enolate
2 was encouraging, only a slight improvement in yield was
observed in the addition of enolatdsaand6, and enolate
still provided only a modest yield. Whereas the addition of
TBAOTTf increased the aldol product yields for all of the
enolates surveyed, excluding enol&tethe reason for the
variation in the yields depending on enolate structure was
not immediately obvious. Reactions employing higher cata-
lyst loadings and longer reaction times were also performed
without a detectable increase in yield. Therefore, we decided
to employ the use of VT NMR to gain insight into what
may be occurring during the reaction.

Table 3. Aldol Addition Reactions Using TBAOTf as an
Additive?

1. 5mol % (R,R)-7
5 mol % TBAOTf

OSiMe; ] CH,Cl,, -78°C O OH
+ RCHO + SiCly ————————
n-Bu CH» 2. NaHCOjz(aq.) n-Bu R
KF (aq.)

entry enolate yield,” % ere
1 1 72 98.0/2.0
2 2 95 99.5/0.5
3 3 85 99.0/1.0
4 4 76 99.5/0.5
5 5 nr nd
6 6 89 99.0/1.0

a All reactions employed 1.5 equiv of SiCIL.2 equiv of enolate, 5 mol
% TBAOTT, and 5 mol % R,R)-7at 0.5 M in CHCI, at =78 °C for 2 h.
b Chromatographically homogeneous matefi@etermined by CSP-SFC.
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VT NMR experiments were carried out systematically
omitting various components of the reaction to elucidate the
reason for incomplete reactions. When only the enolate and
SiCl, were combined, the formation of the parent ketone and
TMSCI could clearly be seen. This outcome strongly suggests
that even though distilled Si€las used in the reaction,
protonolysis by HCI present in the SiGlias destroying the
enolate.

In view of this new information, it was decided to include
acid-scavenging amine bases in the reaction mixture (Table
4). For comparison, the yield for the aldol addition of enolate
4 without added base was 764sing an amine base in the
reaction afforded nearly quantitative yields without erosion
in enantioselectiities. In addition, excellent yields are seen
with loadings as low as 5 mol % of the inexpensiverLNEL.

With acid-scavenging amine bases present, it was no longer
necessary to distill the Sigprior to use. Entry 5 shows that
only 10 mol %i-Pr,NEt is sufficient to obtain quantitative
yields using SiC] from the supplie¥® without further
purification.

Table 4. Aldol Reactions with Amine Basés

1. 5mol % (R R)-7

O OH

OSiMeg CH,Cl,, -78 °C
+PhCHO + SiCly + base ———————»
f-Pr/J*CH2 ¢ 2. NaHCO;, (aq.) f-F’r)l\/L'Ph
KF (ag.)
entry base base, equiv  yield,’ % ere

none 0 76 99.5/0.5
2 tri-tert-butylpyridine 1.0 98 99.0/1.0
3 tri-tert-butylpyridine 0.2 98.5 99.0/1.0
4 i-ProNEt 0.2 99 99.0/1.0
5d i-ProNEt 0.1 99 99.0/1.0
6 i-ProNEt 0.05 96 98.5/1.5

a All reactions employed 1.5 equiv of SiClL.2 equiv of enolate, and 5
mol % (R,R-7 at 0.5 M in CHCl, at—78°C for 3 h.? Chromatographically
homogeneous materid@ Determined by CSP-SFC.Reaction employed
undistilled SiC}.

With optimized reaction conditions in hand, the enolate
survey with benzaldehyde was repeated using undistilled
SiCl, (Table 5). With the addition of as little as 10 mol %
i-PrNEt and a catalyst loading of only 5 mol %high yields
can be obtained in short reaction times (4 h) with all enolates
surveyed, with the exception &f Also, the reaction affords
excellent enantioselectivities regardless of the spectator
group. The generality of the reaction was then evaluated by
the addition of the TMS enolate of 2-hexanor® (ith a
variety of aldehydes (Table 6). In almost all cases, equally

(14) (a) Denmark, S. E.; Su, X.; Nishigaichi, ¥.Am. Chem. Sod998
120, 12990. (b) Short, J. D.; Attenoux, S.; Berrisford, DTétrahedron
Lett. 1997,38, 2351.

(15) SiCly was purchased from Gelest and then transferred ungleiaN
cannula to a flame-dried bottle with a septum. Between uses, the bottle
was stored in a freezer.

(16) Although a loading as low as 1 mol % gives near quantitative yields
and shows no erosion in enantioselectivity, a catalyst loading of 5 mol %
was employed to obtain reasonable rates with more sterically demanding
substrates.
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Table 5. Aldol Addition between Benzaldehyde and Various Table 6. Aldol Additions of Enolate2 and Various Aldehydés

TMS Enol Ether3 1. 5mol % (R,A)-7

1. 5mol % (R.R)-7 osi 10 mol % i-ProNEt
10 mol % i-Pr,NEt iMes . ROHO + sicl, el 72°C M
OSiMe, 70 O OH —_—
3+ PhGHO + SICl, + TBAOTf CH,Clp, -72°C n-Bu” SCH, 2. NaHCOs(aq)  n-Bu R
R SCH, 2. NaHCOj3 (aq) R Pt KF (aq.)
KF (aqg.)
time, yield,P
entry enolate product yields,® % ere entry R product  h % ere
1 1 (+)-8 97 98.0/2.0 1 (E)-PhCH=CH (H-13 4 97.5° 99.5/0.5
2 2 (+)-9 99 99.5/0.5 2 (E)-PhCH=C(CHz)¢ (+)-14 24 54,  78.0/22.0
3 3 (+)-10 o8 99.0/1.0 3 1-naphthyl (+-15 10 95¢  96.0/4.0
4 4 ()11 95 99.5/0.5 4 2-naphthyl (H)-16 4 92 99.5/05
5 5 nr nd 5  4-CH30CgH, (H-17 4 975 99.5/0.5
6 6 (+)-12 98 99.5/0.5 6  4-CF3CgHg4 (H)-18 4 96  99.5/0.5
a All reactions employed 1.5 equiv of Sil1.2 equiv of enolate, 10 7 2furyl (+)-19 6 88  95.0/5.0
mol % i-Pr,NEt, and 5 mol % R,R)-7at 0.5 M in CHCl, at —72 °C for 8 2-thiophenyl (+)-20 8 79 99.0/10.0
3 h. b Chromatographically homogeneous matefiddetermined by CSP- 9 PhCH,CH, 24 nr nd

SFC.

a All reactions employed 1.5 equiv of Sigl1.2 equiv of enolate, 10
mol % i-Pr,NEt, and 5 mol % R,R)-1at 0.5 M in CHCl, at —72 °C for
3 h.bYield of analytically pure materiak Determined by CSP-SFC.

high selectivity can be seen. Both electron-rich and electron- ¢ Reaction employed 10 mol %R(R)-1.° Chromatographically homoge-
poor aromatic aldehydes were found to react at rates equaf®°us materal

to that of benzaldehyde and show excellent selectivities
(entries 5 and 6). Different aromatic structures such as . . : .
2-naphthyl and the more hindered 1-naphthy! also gave highAlso, the ability to use catalytic amounts of hindered amine
yields and selectivities. Heteroaromatic aldehydes are alsobases as proton scavengers in the reaction obviates the need

competent acceptors with only a slight attenuation in yields to Tlunfydthe S'? prior tg tlﬁse' Furth?rthstudlest_ are; Cut; |
and selectivities (entries 7 and 8). However, aldehydes with rently underway 1o expand the scope of Ine reaction 1o €ty
substituents branching in the position showed both ketones and overcome the lack of reactivity with aliphatic

decreased rates and attenuated selectivities as was observeaddehydes‘
when 2-methylcinnamaldehyde is compared to cinnamalde-

hyde (entries 1 and 2). Unfortunately, aliphatic aldehydes _Acknowledgment. We are grateful to the National
are found to be completely unreactive with enofagentry ~ Science Foundation (NSF CHE 010520) for generous
9). financial support.

In conclusion, an efficient, catalytic, highly enantioselec- . . . .
tive reaction for the addition of TMS enol ethers of methyl ~ Supporting Information Available: Full experimental
ketones to various aldehyde acceptors has been developedrocedures and characterization data for all intermediates and
The selectivities seen with aryl and alkenyl aldehydes are aldol products. This material is available free of charge via
some of the best disclosed to date. The ability to use shelf-the Internet at http:/pubs.acs.org.
stable enol silanes represents a preparative advantage over
the more labile enoxytrichlorosilanes used in previous work. OL034641L
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