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Abstract: Investigations on the aldol addition chemistry of trichlorosilyl enolates derived from methyl ketones

are presented in full. These trichlorosilyl enolates are competent aldol reagents in the absence of additives,
reacting with aldehydes at ambient temperature to provide high yields of aldol adducts. When either enol or
aldehyde partner bears a stereogenic center, low diastereoselectivity is observed in this uncatalyzed aldol process.
The aldol additions are dramatically accelerated by the addition of catalytic quantities of chiral phosphoramides,
particularly one derived froniN,N'-dimethylstilbene-1,2-diamine. In this catalyzed mode, good to high
enantioselectivities are obtained with a variety of achiral trichlorosilyl enolates and aldehydes. When either
partner bears a stereogenic center, high diastereoselectivities are obtained with one enantiomer of the catalyst
(matched case), while the other enantiomer provides low diastereoselectivity (mismatched case). The reaction
scope, optimization of conditions, and stereoselection events are also discussed.

Introduction acyclic) ketones has recently appeatébntemporaneously, a

In recent years we have been engaged in a broadly baseJE|ati\_’ely clear mechanistic yiew is emerging from studies of
program to explore the synthetic potential and mechanistic t€ trichlorosilyl enolate derived from cyclohexandne.
underpinnings of asymmetric catalysis with chiral Lewis bases. A significant component of our mission in developing this
The centerpiece of this program has involved the invention of new type of aldol process is to establish its scope with the
a new class of aldol reactions based on novel silicon reagentsultimate objective of creating a general synthetic method. This
(enoxytrichlorosilanes) which undergo spontaneous addition to mandates the investigation of the reactivity of a broad range of
aldehydes at or below ambient temperature. More importantly, trichlorosilyl enolates and aldehyde partners. Some of the more
the action of these reagents has been shown to be highlyuseful members of the aldol reagent family are enolates derived
responsive to catalysis by (chiral) phosphoramieshe from methyl ketones. The utility of reagents capable of
preparative aspects of both catalyzed and uncatalyzed reactionsglelivering an RC(O)Chlunit enantioselectively is self-evident,
of trichlorosilyl enolates derived from-substituted (cyclicand  yet such transformations have traditionally been among the most

(1) (2) Denmark, S. E.; Stavenger, R.4cc. Chem. Re€00Q 33, 432— challenging to accomplish® While the reasons for the difficulty
440. (b) Denmark, S. E.; Stavenger, R. Angew. Chem., Int. Ed. are still in debate, one consensus view is the greater accessibility

Manuscript in preparation. of competing, diastereomeric transition structures resulting from
(2) (a) Denmark, S. E.; Winter, S. B. D.; Su, X.; Wong, K.Jl.Am. P 9 9

Chem. Socl996 118 7404-7405. (b) Denmark, S. E.; Winter, S. B. D.  the reduced steric demand of the nucleophile. In view of our
Synlett1997 1087-1090. (c) Denmark, S. E.; Wong, K.-T.; Stavenger, R.  discovery that the catalyzed reactions of trichlorosilyl enolates

A.J. Am. Chem. Sot997, 119 2333-2334. (d) Denmark, S. E.; Stavenger,  derived from cyclic ketones proceed through closed, six-
R. A.; Wong, K.-T.Tetrahedrorl998 54, 10389-10402. (e) D k, S. g ’
E. Staveonr;}ger’ R. A.;e Srjl ;_;r\?\,ongng__T‘; Nishigaichi‘mfg Agg’,“é‘gem. membered transition structures and that the arrangement of

1998 70, 1469-1476. reactants is strongly influenced by the structure of the phos-

(3) For recent reviews on catalytic asymmetric aldol additions see: (a) phoramide catalyst. we were encouraged to pursue this recal-
Nelson, S. GTetrahedron: Asymmetrd998 9, 357—389. (b) Grger, H.; P S 9 P

Vogl, E. M.; Shibasaki, MChem. Eur. J1998 4, 1137-1141. (c) Carreira, citrant class of aldol components. This report details our full
E. M. In Comprehengie Asymmetric Catalysislacobsen, E. N., Pfaltz,  investigations of the trichlorosilyl enolates derived from achiral
A., Yamamoto, H., Eds.; Springer-Verlag: Heidelberg, 1999; Vol. lll, i i

Chapter 29.1 (d) Braun, M. I8tereoselecte Synthesis, Methods of Organic and (.:hlral .methyl ketones, I.n both uncatalyzed and catalyzed
Chemistry (Houben-WeylE21 ed.; Helmchen, G., Hoffman, R., Mulzer, ~ '€action with chiral and achiral aldehyde accepfors.

J., Schaumann, E., Eds.; Thieme: Stuttgart, 1996; Vol. 3, pp-17386.
For recent developments not covered in those reviews, see: (e) Yanagisawa, (6) For examples of other catalytic asymmetric aldol additions of methyl
A.; Matsumoto, Y.; Nakashima, H.; Asakawa, H.; Yamamoto JHAm. ketones, see: (a) Corey, E. J.; Cywin, C. L.; Roper, T.TBtrahedron
Chem. Soc1997, 119 9319-9320. (f) Kriger, J.; Carreira, El. Am. Chem. Lett. 1992 33, 6907-6910. (b) Ishihara, K.; Maruyama, T.; Mouri, M;
Soc.1998 120 837-838. (g) Evans, D. A.; Kozlowski, M.; Murry, J.; Gao, Q.; Furuta, K.; Yamamoto, Bull. Chem. Soc. Jpri.993 66, 3483—
Burgey, C.; Campos, K.; Connel, B.; StaplesJT Am. Chem. S0d.999 3491. (c) Mikami, K.; Matsukawa, S. Am. Chem. So4993 115, 7039~

121, 669-685. (h) Evans, D. A.; Burgey, C.; Kozlowski, M.; Tregay,JS. 7040. (d) Carreira, E. M.; Lee, W.; Singer, R. A.Am. Chem. S0d.995

Am. Chem. Sod 999 121, 686—-699. For a review of aldol chemistry of 117, 3649-3650. (e) Sodeoka, M.; Tokunoh, R.; Miyazaki, F.; Hagiwara,
o-unsubstituted enolates, see: (i) Braun,Ahgew. Chem., Int. Ed. Engl. E.; Shibasaki, M.Synlett 1997 463-466. (f) Ando, A.; Miura, T.;

1987, 26, 24-37. Tatematsu, T.; Shioiri, TTetrahedron Lett1993 34, 1507-1510. ()

(4) Denmark, S. E.; Stavenger, R. A.; Wong, K.-T.; SuJXAm. Chem. Yamada, Y. M. A,; Yoshikawa, N.; Sasai, H.; Shibasaki,Afgew. Chem.,
Soc.1999 121, 4982-4991. Int. Ed. Engl.1997, 36, 1871-1873.

(5) (@) Denmark, S. E.; Su, X.; Nishigaichi, ¥. Am. Chem. S0d998 (7) Portions of this work have been communicated: (a) Denmark, S. E.;
120 129906-12991. (b) Denmark, S. E.; Pham, S. Melv. Chim. Acta Stavenger, R. A.; Wong, K.-TJ. Org. Chem.1998 63, 918-919. (b)
200Q 83, 1846-1853. Denmark, S. E.; Stavenger, R. A. Org. Chem1998 63, 9524-9527.
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Results analytically pure compounds. The addutf){19 derived from
methyl vinyl ketone polymerized upon purification. The insta-
bility of this product precluded the further use of enolater
subsequent studies.

To examine the scope of the reaction with respect to the
aldehyde component, a representative enoldfewas then
combined with a variety of acceptors (Chart 2). A marked effect
of the aldehyde structure on the rate of the addition was noted
in these laboratorie®.#2It should be noted that although these (Table 2)I|n Lhat aliphatic Tnd hindered a_ldehydis \I/vere "?i’f
species are hydrolytically sensitive, they are otherwise stable rgactl\ée.l nt Itze;(taer.ne, %m?st no fe‘?‘cé'or]l ;[joo P alce r\]N't
and can be stored for many weeks under an inert atmospheret”met ylacetaldehyde and after a period of days only the

without noticeable degradation (as determined by spectroscopicﬁé‘i?&iﬁ%?ﬁig&%dggtavggzl::r(;tztg(g' VI\_/g\rf]vitshgai(sne(;WItEg%ziﬁén
analysis and chemical reactivity). y ’

was repeated using 10 mol % of HMPA as catalyst, Table 2,
Chart 1 entry 7. Now the reaction with proceeded rapidly (1 h) and
the aldol adductL)-26 could be isolated in good yield.

A. Synthesis of EnolatesThe preparation of several classes
of trichlorosilyl enolates has been described in détdihe
methyl ketone enolates used in this study are shown in Chart
1. All of the enoxytrichlorosilanes (except fdr which was
prepared by the method of Benkeé$gmwere prepared via the
corresponding trimethylsilyl enol ethers by use of the mercury-
(I)-catalyzed trans-silylation reaction (with Sifldeveloped

0SiCly
Me” “CH, Chart 2
1 ©/CHO ~__CHO mCHO
OSiCly Me OSiCly Me\/oii% e 0SiCly i ©/\/ Me
n-Bu” “CH; Me CH, T CHz 1o T CH, b .

2 3 4 5 CHO CHO
i . O /\/CHO
OSiClg OSiCl, OSiCl3 O Me'

CH,  TBSO._A HZC%CHQ

CH, d e f
6 7 8 CHO CHO
@N O/ MeXCHO
0SiCl, OSiCly OSiCl, Me Me
Mo S, Mo ScH, Me e, 9 h i
OTBS OPiv OBn »
Table 2. Uncatalyzed Aldol Additions o2
9 10 1
/cj;sicns 1. CHyCly, 1t O OH
Table 1. Uncatalyzed Aldol Additions of Trichlorosilyl Enolates to + RCHO
Benzaldehyde Y Y n-Bu” “CH, 2. NaHCOj3 (aq.) n-Bu)l\)\R
2
OSiCls 1. CHoCly, rt G OH
+ PhCHO - -
entr RCHO time, h roduct ielp
R™ ~CH, 2. NaHCOj3 (aq.) RMP“ y P yieldo
) 1 b 7 (£)-20 91
2 c 14 @)-21 92
entry enolate time, h product yiehdp 3 d 4 (¥)-22 92
4 e 4 (+)-23 91
1 1 4 (#)-12 92 5 g 12 ()-24 84
2 4 (+)-13 95 6 h 9 (#)-25 93
3 3 4 (+)-14 94 s : 1 (1)-26 86
4 4 5 (+)-15 93
5 6 4 (£)-17 91 aReactions performed at 0.5 MAnalytically pure material® 10
6 7 6 (+)-18 93 mol % HMPA added.
7 8 6 (+)-19 o7

- - - Although these reactions were found to be sluggish at room
. Reactions performed at 0.5 MAnalytically pure material. = temperature, it was nonetheless imperative to determine the
Chromatographically homogeneous material, decomposed after initial .
purification. extent of uncatalyzed reaction that took place under standard
conditions for the catalyzed process. This would provide crucial
B. Reactions of Achiral Enolates and Achiral Aldehydes. information for the optimization of the enantioselective, cata-
1. Uncatalyzed Reactionslnitial experiments were carried out  lyzed reaction by minimizing the competitive (achiral) pathway.
to determine the inherent reactivity of these trichlorosilyl Accordingly, enolate2 was allowed to react with biphenyl
enolates with respect to aldehydes. The results, summarized incarboxaldehyded] at —78 °C for 2 h (standard conditions for
Table 1, clearly show that the trichlorosilyl enolates8 all the catalyzed reactions, vide infra), Scheme 1. After isolation
reacted rapidly with benzaldehyde at ambient temperature inand purification, the aldol adductt)-23 was isolated in 4%
CHyCI, solution. Standard aqueous workup and purification yield, along with a 95% recovery of the starting aldehyde. Thus,
provided the racemif-hydroxy ketones in excellent yields as the background reaction is of little concern in this system.
(8) (@) Denmark, S. E.; Stavenger, R. A.; Winter, S. B. D.; Wong, K.- 2. C.atalyzed Reactions. 2.1. Reac“‘?” Optlm_lzatlori-.lavmg
T.; Barsanti, P. AJ. Org. Chem1998 63, 9517-9523. (b) Benkeser, R.  €stablished that the methyl ketone trichlorosilyl enolates were
A.; Smith, W. E.J. Am. Chem. S0d.968 90, 5307-5309. viable aldolization reagents in uncatalyzed reactions, we turned
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Scheme 1
Ph c M
) 1. CHyCl, 0.5 O OH
0SiCl, 278G 2h
+ e
n-Bu” “CH, 2. NaHCOj3 (aq.) 95%
2 CHO (+)-23 Ph

e 4%

our attention to additions under the influence of chiral catalysts.
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affording both the highest yield and er of all solvents tested.
Moving to either more polar or less polar solvent dramatically
decreased the enantioselectivity of the process. However, the
use of propionitrile did provide the aldol adduct in good, albeit
reduced, enantioselectivity relative to gt,. The rate of the
reaction (as judged by isolated yield of the aldol adduct) was
also attenuated in ED, THF, and toluene, while the use of
trichloroethylene and propionitrile still provided good yields of
purified aldol adducts.

On the basis of our previous experience with other trichlorosilyl + p1e 4 solvent Effects in Addition of Enolata Catalyzed by
enolates we surveyed a collection of phosphoramide-based(sg-27

catalysts (Chart 3)jn the aldol addition of the acetone-derived
trichlorosilyl enolatel to benzaldehyde under the standard con-
ditions (10 mol % phosphoramide, 0.1 M in @El,, —78 °C),

Table 3. We were pleased to observe that these reactions were

highly susceptible to catalysis by the chiral Lewis bases. The
results in Table 3 clearly show that the stilbenediamine-derived
phosphoramideSS)-27 was both the most selective catalyst
and the most effective in promoting the reactién.

Chart 3
Me !Vle

Me
PhIN\ o PhtN\ 0 Ph, N o
¢ K P
pr” N N prt NN PH
Me Me

(5,9)-27

e,

/P\
N N(n-Pr),
Me

(R,R)-27 (5,5)-28

R

N‘P/,O N\ //o N\ ,/O
oy Y P K
NN NN NN
ol ) CLT W) &
R=Me: 31a
(R,R)-29 (R)-30 R=Ph: 31b

Table 3. Survey of Phosphoramide Catalysts with Enol&te

1. 10 mol% cat.,

OSiCls CHoCly, 78 °C 0 OH
+ PhCHO ~

Me™ ~CH, 2. NaHCO; (aq.) Me Ph

1 (-)-12
entry catalyst ér yield %%

1 (89-27 12.5/1 92
2 (RR)-29 1/3.31 76
3 (R)-30 4.29/1 71
4 (89-28 1.70/1 79

aReactions performed at 0.1 M for 2 hRatio of theS'R isomer;
determined by CSP HPLC analysis of the dinitrophenyl carbamates.
¢ Chromatographically homogeneous material.

The optimization of the aldol addition continued with an
investigation of solvent and stoichiometry effects on the same
transformation using catalys$,§)-27. The solvents selected for
study (Table 4) represented a wide spectrum of polarities and
donicites, but were obviously limited by the compatibility with
the trichlorosilyl enolates! Several trends were apparent from
the yields and er values of-(-12 in Table 4. First, CHCl,
was clearly the solvent of choice for this transformation

(9) Denmark, S. E.; Su, X.; Nishigaichi, Y.; Coe, D. M.; Wong, K.-T.;
Winter, S. B. D.; Choi, J.-YJ. Org. Chem1999 64, 1958-1967.

(10) The absolute configuration of addud®-22, 24—26, and43 were
assigned by analogy te-(-23, see below.

(11) Reichardt, CSobents and Seknt Effects in Organic Chemistry
2nd ed.; VCH: Weinheim, 1988.

1. 10 mol% (S,S)-27

OSiCl solvent, =78 °C M
+ PhCHO
Me CHZ 2. NaHCO;; (aq.) Me Ph
1 (-)-12
entry solvent er yield,° %
1 CH.CI; 12.5/1 92
2 trichloroethylene 4.03/1 88
3 EtO 2.25/1 37
4 toluene 1.85/1 48
5 THF 3.37/1 59
6¢ CH3CH,CN 1/8.71 88

aReactions performed at 0.1 M/2 hRatio of the SR isomer;
determined by CSP HPLC analysis of the dinitrophenyl carbamates.
¢ Chromatographically homogeneous matefi@erformed with 10 mol
% (RR)-27.

The influence of both lower temperatures and different
catalyst loadings was investigated to improve enantioselectivity
(Table 5). Comparison of entries-B in Table 5 reveals that
performing the reaction at90 °C had no beneficial effects,
and though there was an increase in selectivity when 20 mol %
of the catalyst was used, the difference was not substantial. At
the other end, initial experimentation at 1 mol % catalyst loading
led to low yields. Increasing the reaction concentration to 0.5
M reduced reaction times 2 h for consumption of the aldehyde
(Table 5, entries 48). Whereas the use of 5 mol % catalyst
did not alter the selectivity, dropping the loading to 3 mol %
and below afforded the adduct with significantly lower enan-
tioselectivity.

Table 5. Effect of Catalyst Loading on Aldol Additions with
Enolate1?

OSiC|3 1. (S,S)-27, (] QH
+ PhoHo —CHeCl ~78°C J\/\
Me™ “CH, 2. NaHCOjs (aq.) Me Ph
1 ()12
mol %
entry (8§9-27 concn, M ef yield,c %
1 10 0.1 11.3/1 90
2 10 0.1 9.99/1 89
3 20 0.1 12.3/1 82
4 1¢ 0.5 1/11.7 87
5 5 0.5 11.5/1 88
6 3 0.5 8.60/1 86
7 2 0.5 7.77/1 88
8 1 0.5 5.10/1 92

aReaction time, 2 h? Ratio of theSR isomer; determined by CSP
HPLC analysis of the dinitrophenyl carbamate€hromatographically
homogeneous materid Reaction performed at90 °C. € Performed
with 10 mol % RR)-27.

2.2. Survey of SubstratesWith optimized conditions in
hand, we investigated the effect of substitution on the ketone
donor in the catalyzed aldol addition (Tablel8)The size and
electronic character of the spectator substituent had little role
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in the chemical efficiency of the process; all of the enolates and enantioselectivities associated with the catalyzed reactions
provided high yields of aldol adducts with benzaldehyde. The of trichlorosilyl enolates provided the motivation to develop a
enantioselectivity of the process, however, was very sensitive more practical protocol for the preparation and handling of these
to the enolate structure, with larger groups providing lower reactive species. The mercury(ll)-catalyzed trans-silylation of

enantioselectivities, as illustrated by the trend frors Riethyl
through R = t-Bu, (entries +5). In addition, a phenyl
substituent also led to low enantioselectivity, entry 6. The
success of the functionalized enolaté) (underscored the
important feature that the silyloxy group had no deleterious
effect on either the yield or enantioselectivity of the process.

Table 6. Aldol Additions of Trichlorosilyl Enolates to
Benzaldehyde Catalyzed b$.§)-272

1. 5mol% (S,5)-27,

OSiCly CH,Cly, —78 °C OH
+ PACHO ——— > ~
R™ "CH, 2. NaHCO; (aq.) R Ph
entry  enolate R product fer yield,° %
1 1 Me (—)-12 14.6/¢ 98
2 2 n-Bu (—)-13 12.01 98
3 3 i-Bu (-)-14 1011 95
4 4 i-Pr (-)-15  9.75/1 97
5 5 t-Bu ()16 3.17/1 95
6 6 Ph ©)-17  2.92/1 93
7 7 TBSOCH  (—)-18 13.5/1 94

2 Reactions performed at 0.5 M for 2 hRatio of theSR isomer;
determined by CSP HPLC analysfsAnalytically pure material.
d Determined by CSP HPLC analysis of the dinitrophenyl carbamate.

The generality of the catalyzed reaction was evaluated by
combination of the trichlorosilyl enolate of 2-hexanoggWith
a variety of aldehydes in the presence efl® mol % of §9-
27 (Table 7)1912 Unsaturated aldehydes reacted quickly and
cleanly to provide the corresponding adducts in high enantio-
selectivity. Initial rates with the branched aldehydesind i
were disappointing, though further experimentation showed that
using 10 mol % of the catalyst and increasing the reaction time
to 6 h consistently led to acceptable yields and high enantiose-
lectivities. Unfortunately, unbranched aliphatic aldehydes (such
as hydrocinnamaldehydg)j did not afford aldol products in
the catalyzed additions.

Table 7. Aldol Additions of Enolate2 Catalyzed by $9-27
1. 5-10 mol% (S, S)-27,

+ RCHO > ~
n-Bu CH, 2. NaHCOj; (aq.) n-Bu R
2
mol %
entry RCHO (S9-27 time,h product & yieldt %
1 b 5 2 (-)-20 11.5/1 94
2 c 5 2 (521 21.71 95
3 d 5 2 (-)-22 1311 92
4 e 5 2 (523 12.711 95
5 h 10 6 )25 17.5/F 79
6 i 10 6 )26 24.0/F 81

2 Reactions performed at 0.5 MRatio of theSRisomer; determined
by CSP HPLC analysis.Analytically pure material? Determined by
CSP HPLC analysis of the dinitrophenyl carbamate.

2.3. Development of Conditions for in Situ Generation and
Reaction of Trichlorosilyl Enolates. The high chemical yields

(12) The absolute configuration of-§-23 was determined by single-
crystal X-ray analysis of the corresponding 4-bromobenzoate. The crystal
structure data have been deposited in the Cambridge Crystallographic Dat
Center as supporting publication 111714. All other adducts were assigned
by analogy.

the trimethylsilyl enol ethers with Si¢lprovided an ideal
opportunity to engineer a “one-pot” method for the generation
and reaction of the enolates. For this process to be successful
we had to determine if the mercury(ll) salts and excessSiCl
would interfere with the subsequent aldolization. These questions
were first addressed by the use of a minimal loading (1 mol %)
of Hg(OAc), and only 1 equiv of SiGl (sub-optimal for
formation of the desired mono(enoxy)trichlorosilafiesTreat-
ment of the TMS enol ether of aceton82 under these
conditions (to form enolat#) followed by cooling and addition

of the catalyst and benzaldehyde provided a 65% yield of the
adduct with moderate enantioselectivity (er 6.87/1, compared
to 14.6/1), Scheme 2. A similar protocol starting with the TMS
enol ether of methyl isobutyl keton83) provided higher yield
(71%) though even further reduction in enantioselectivity
relative to the case with preformed enolate (er 3.67/1, compared
to 9.75/1).

Scheme 2
OTMS 1. Hg(OAc),, SiCls, CHyCly O OH
Me” SCH, 2. 10 mol% (S,5)-27, Me Ph
32 PhCHO, -78 °C (H)-12
3. NaHCOs (aa.) 65%, er 6.87/1
OTMS 4. Hg(OAG),, SiCls, CHoCly j\/?\”
Bu” SCHz 5 ygmol (S,59927, B Ph
33 PhCHO, -78 °C (-)-14

3. NaHCOj;(aq.) 71%, er 3.67/1

The overall process was measurably improved if an additional
step, namely removal of the volatiles (presumably onlyCly
SiCls, and TMSCI), was incorporated into the reaction protocol.
Initial experiments employing the standard stoichiometry (1.1
equiv of TMS enol etheB4, 2.2 equiv of SiCJ, 1.0 equiv of
o-methylcinnamaldehyde), and 5 mol % of §9-27) provided
the adduct £)-21 in 75% yield with high enantioselectivity.
As the low yield was probably due to the formation of unreactive
bis(enoxy)dichlorosilane, excess TMS enol ether was employed
in a subsequent experiment, Scheme 3. When 1.3 equd4 of
were used, 89% vyield of the adduet)-21 was obtained, with
excellent enantioselectivity (er 23.4/1, compared to 21.7/1) thus
demonstrating that such in situ reactions can indeed be carried
out without problem if the enol ether can be used in slight
excess.

Scheme 3
O OH
OTMS 1. Hg(OAc),, SiCly, CH,Cl, W
> n-Bu ~ “Ph
n-Bu” “CHy 2. 5mol% (S,5)-27, Me
c,-78°C
34 (-)-21

3. NaHCOj (aq.)
89%, er 23.4/1

C. Reactions of Achiral Enolates and Chiral Aldehydes.
1. Uncatalyzed ReactionsTo extend this technology to more
synthetically interesting (and challenging) substrates, we pursued

athe reactions of simple trichlorosilyl enolates of methyl ketones

with the chiral aldehydesS}-35!3 and §)-37,14 Scheme 45 In

orienting experiments, uncatalyzed reactions with the TBS-
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protected aldehyde5(-35 and enolate in various solvents at

determination of relative configuration, see beld#)Side
reactions, particularly elimination, over the long reaction times
required for the aldolization, appeared to be a major contributor
to the low yields of these reactions. Performing the reaction at
higher concentration (1 M) alleviated these problems by
shortening reaction times (5 h) and thus providing an excellent
yield of the aldol adduct86 as a mixture of diastereomers
(syn/anti, 1/2.4), Scheme 4. The benzyloxy aldehy8e3{
responded similarly under these conditions, affording a high
yield and low (syn/anti, 1/2.7) diastereoselectivity.

Scheme 4
OS|C|3 fo) OH
1. CHyCly,
B + HJ\/MG e n Bu)]\/i\/Me
TBS 2. NaHCOj3 ( aq.) : :
oTes N o7BS
2 (5)-35

95%, syn/anti, 1/2.4

OSlCI3 oH

0
£ JK/M“ CHaCly, 1t
H
B n_Bu)k/k:/Me

OBn 2. NaHCO;( aq.) :
OBn
2 (5)-37

38
92%, syn/anti, 1/2.7

1.1. Determination of Relative Configuration.The relative
configuration of adduct86 and38 was assigned by correlation
to (+)-syn4l, synthesized unambiguously by the QsO
catalyzed dihydroxylation of the corresponding alkeBr40,
Scheme 5. Addition of a cuprate derived froE){L-propenyl-
lithium7 to 1-hexene oxide39)8 led to the desired alcohol in
76% vyield. Swern oxidatio® followed by dihydroxylation,
provided authentic)-syn41, which could be compared to the
(deprotected) products from the aldol additions, vide infra.

Scheme 5
1. TRAPP, =78 °C
o Me/\}guu.ube%) o
n-Bu 2. (COCl),, DMSO n~Bu)J\/\/ Me
39 EtgN, CH,Clp, 78 °C a0

(93%)
Ko0s0,(0OH),, NMO

+-BUOH, H,0, THF | 817

O OH
n-Bu Y Me
OH
(%)-syn-41

Deprotection of diastereomerically péfeadducts36 (to
compare with the authentie)-syn41) was hampered by the
sensitivity of the substrates: acidic media led to retro-aldoliza-
tion, while basic media led to elimination. However, the use of
1 equiv of TBAF in THF at O°C, in combination with careful
monitoring of the reaction, led to modest yields of the
diastereomerically pure diolsyn4l and anti-41, Scheme 6.
Deprotection of the benzyloxy addug8 (as a 1/2.7 mixture of

(13) Massad, S. K.; Hawkins, L. D.; Baker, D. &.Org. Chem1983
48, 5180-5182.

(14) SolladieCavallo, A.; Bonne, FTetrahedron: Asymmetr3996§ 7,
171-180.
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diastereomers) by hydrogenolysis then provided a mixture of
0.5 M afforded only modest yield and stereoselectivity (for diols 41 (syn/anti, 1/3), as correlated to the above materials.

Scheme 6
O OH
Q ?H TBAF M
Me . €
n-Bu p o n-Bu ;
: THF, 0 °C :
oTBS OH
syn-36 52% syn-41
O OH O OH
B Me _ﬂ, B Me
n-Bu : THF,0°c  ™PY :
OTBS OH
anti-36 30% anti-41
O OH % PA/C O OH
Me H25% Me
n-Bu Y —— > nBu Y
OBn EtOH, nt OH

38, syn/anti, 1/2.7 65%

41, syn/anti, 1/3

2. Catalyzed Reaction. 2.1. Catalyst SurveyAlthough
aldehydes $-35 and )-37 have been used extensively in
double diastereoselective aldol additidhthe lack of precedent
in these new aldol processes prompted us to survey catalyst
structure broadly to establish if the phosphoramide could control
the facial selectivity of addition, regardless of the inherent bias
in the aldehyde. The results of an initial study with enolate
and the silyloxy aldehyde§-35 are collected in Table 8. The
yields of these catalyzed reactions were modest. However, while
HMPA and R)-30 were rather unselective, a number of the
reactions proceeded with high anti-diastereoselectivity. Interest-
ingly, the achiral phosphoramidb provided moderate levels
of stereoselection, suggesting that the intrinsic selectivity due
to the aldehyde was not insignificant. Once again, the stilbene-
diamine-derived phosphoramié@ provided the most interesting
results. Whereass(S)-27 provided only a weak syn-preference,
the use of RR)-27 provided very high ¥ 15/1) levels of anti-
selectivity, though still in modest yield. Changing the solvent
(entries 79) did not improve the yield or selectivity.

Attempts to optimize the yield of this highly diastereoselective
aldol addition focused on those variations which were beneficial
in related additions of trichlorosilyl enolates. These included
slow addition of aldehyde (known to suppress unfavorable
monophosphoramide-catalyzed pathvwésls inclusion of 1.2
equiv of tetrabutylammonium triflate (known to increase the
rate of the catalyzed reactith higher temperature, excess
enolate, and higher (25 mol %) catalyst loading. All attempts
provided only modest yield (3545%), accompanied by roughly

(15) For previous studies on the diastereoselective addition of simple
achiral methyl ketone enolates to chiteloxygenated aldehydes see: (a)
Gennari, C. IlComprehensie Organic Synthesis, Vol. 2, Additions te-&

7 Bonds, Part 2Heathcock, C. H., Ed.; Pergamon Press: Oxford, 1991;
pp 639-647. (b) Braun, M. IrStereoselecte Synthesis, Methods of Organic
Chemistry (Houben-WeylE21 ed.; Hoffmann, R., Mulzer, J., Schaumann,
E., Eds.; Thieme: Stuttgart, 1996; Vol. 3, pp 171¥22. (c) Hagiwara,
H.; Kimura, K.; Uda, H.J. Chem. Soc., Perkin Trans.1B92 693-700.

(d) Heathcock, C. H.; Davidsen, S. K.; Hug, K. T.; Flippin, L. A.Org.
Chem.1986 51, 3027-3037. (e) Lodge, E. P.; Heathcock, C. H.Am.
Chem. Soc1987 109, 3353-3361.

(16) Selected results: ¥, 59% yield, syn/anti 1/2; toluene, 66% yield,
syn/anti 1/2; hexane, 31% vyield, syn/anti 1/2.

(17) Neumann, H.; Seebach, Detrahedron Lett1976 4839-4842.

(18) Tang, P. W.; Williams, J. MJ. Chem. Soc., Perkin Trans.1984
1199-1203.

(19) Tidwell, T. T.Org. React.199Q 39, 297-572.

(20) Though inseparable by simple column chromatography, pure samples
of syn36 andanti-36 were available from repeated preparative HPLC, see
Supporting Information for details.
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30% of recovered aldehyde; the balance of the material could trichlorosilyl enolates, the aldol addition of chiral enolates to
not be identified. Although enolization is perhaps the most likely achiral aldehydes was investigafédVhereas orienting studies
explanation, in one experiment, the recovered aldehyde was stillwith these enolates were conducted with isolated, distilled
enantiomerically enriched suggesting that aldehyde enolizationcompound®—11 (Chart 1), all of the preparative experiments
may not be the only problem. described below were performed with enolates that were
The benzyloxy aldehydeS[-37 was examined as well in a  prepared and used in situ starting from the corresponding TMS
more limited survey. As was the case with-@5, the yields enol ethers44—46, Chart 4. As mentioned previously, the
obtained were modest and the selectivity trends closely mirrored formation of bis(enoxy)dichlorosilanes in the mercury-catalyzed
the results with the silyloxy aldehyde. Although the selectivity trans-silylation reaction leads to low yield of the aldol adduct
provided by §9-27 (mismatched case) was higher than that unless excess TMS enol ether is employed. However, in the
with the silyloxy aldehyde §-35 above (syn/anti 4/1 vs 2/1), cases at hand, the enol donor should be considered precious
the matched case catalyzed IR/R)-27 was not as selective as  and therefore used as the limiting reagent. Hence, all of the in
that previously observed with the TBS derivative (syn/anti, 1/6 situ reactions with chiral ketone enolates were performed with

vs 1/15.6). equivalent amounts of TMS enol ether and aldehyde.
Table 8. Catalyzed Aldol Additions with Aldehyde§-35* Chart 4
osck  § b e g O OH oTMS oTMS oTMS
+ e______ Me
nBu” SCHy Ho Y T aHCO, (aq)  MBY : Me cH, M© cH, M° CH,
OTBS 0TBS oTBS OPiv OBn
2 (5)-35 36
entry catalyst solvent syn/ahti  yield % 44 45 46
% BHM)PA g;‘zg’t i;é? g% 1. Uncatalyzed ReactionsThe addition of the oxygenated
3 (RR)-29 CH,Cl, 1/10.1 51 enolates to benzaldehyde proceeded in good yield with weak
4 (R-30 CH,Cl, 1/1.8 54 anti-selectivity (for determination of relative configuration, see
5 (8§9-27 CH.Cl, 2711 47 below), Table 9. A modest dependence of selectivity on the
6 (RR-27  CHCl, 1/15.6 50 O-protecting group was noted; the smaller group on the enolate
! RR)-27 ELO 1/9.0 45 (Bn > Piv > TBS) provided higher anti-selectivity in combina-
8 (RR)-27 toluene 1/6.7 40 . . -
9 RR)-27 CH:CH,CN 1115 43 tion with benzaldehyde (entries—=B). When other aldehyde

acceptors were investigated (entries& the yields were
generally lower, especially for the reaction with hydro-
cinnamaldehyde, where elimination under the reaction conditions
2.2. Test ofa-Oxygen To gain insight into the cause of the ~a9d@in seemed to be problematic. In addition, only slight
moderate yields for catalyzed additions 8-85 and ©-37, a diastereoselectivity was observed though perhaps this is not
test substrate was designed to determine if the oxygen substituenBUrPrising given the very low diastereoselectivity observed with
on the aldehyde acceptor was inherently problematic, or if the the TBS substraté4 and benzaldehyde. Interestingly, crotonal-
o-hydrogen was the culprit. To this end, the tertiary silyloxy dehyde {) provided slight syn-selectivity in this reaction, unlike

2Reactions performed at 0.5 M for 6 "hDetermined by GC analysis.
¢ Chromatographically homogeneous material.

aldehyde42 was synthesized in four steps from 2-hydroxy-2-

methylpropanoic acid, Scheme 7. This material proved to be a

very capable substrate in the aldol addition of end®atatalyzed
by 10 mol % of §9-27, and provided the corresponding aldol
adduct )-431%in 88% yield with a good enantiomeric ratio

(6.75/1), Scheme 7. Clearly, the presence of oxygen functionality Me

on the acceptor is not detrimental to the operation of the

phosphoramide-catalyzed aldol addition, though selectivity was
attenuated relative to the all carbon analogue (er 6.75/1

compared to 24.0/1, Table 7, entry 6).

Scheme 7
(0] 1. SOC[z, MeOH, 81% O
HO&ME 2. TBSOTH, EtN, 97% ! &M o
Mt 3. DIBAL-H, 90% uTBS
4. DMSO, (COCl),, 42
EtN, -78 °C, 84%
osic 1.10 mol% (S,8)-27, O OH
iClg CHCly, 78 °C :
+ 42 T2 3 n-Bu)j\/\ﬁMe
n-Bu” ~CH, 2. NaHCOj3 (aq.) MeOTBS
2 (-)-43

88%, er 6.75/1

D. Reactions of Chiral Enolates and Achiral Aldehydes.
To further explore the synthetic utility of methyl-ketone derived

other substrates investigated.

Table 9. Uncatalyzed Aldol Additions of Trichlorosilyl Enolates
Generated in Situ

1. Hg(OAc),, SiCly,

OTMS CHaCly, 1t e O OH % OH
CH > RZ + \/\Rz
OR! 2 2. R2CHO, CH,Cl,, 1t OR'
3. NaHCOj; (aq.) syn anti
entry R enol RCHO products syn/ariti yieldS%
1 TBS 44 PhCHO 47 /1.2 82
2 Piv 45 PhCHO 48 1/2.4 71
3 Bn 46  PhCHO 49 1/3.4 75
4 TBS 44 g 50 1/1 35
5 TBS 44 h 51 1/3 55
6 TBS 44 f 52 2.3/ 66
aConditions: (1) 1 mol % of Hg(OAg)2 equiv of SiCk/1 M/1 h.

(2) Reactions performed at 1 MDetermined by*H NMR analysis.
¢ Analytically pure materiald Determined by CSP SFC analysis.
¢ Determined by CSP SFC analysis of the benzoates.

2. Catalyzed ReactionsThe rate and diastereoselectivity of
the additions in the presence of phosphoramRiks (S9-27,
and R},R)-27 were investigated next, Table 10. Achiral catalyst
3laserved to establish the interfatliastereofacial selectivity
in the catalyzed process. This reaction proceeded smoothly with
5 mol % of 31ato provide47 with a modest syn preference
(1.2/1) and in good yield. With 5 mol % of catalys$,§-27
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the reactions were rapid and provided good yields of adducts Scheme 8

but the diastereoselectivity of the process was low, marginally

O OH O OH
favoring the syn diastereomer. Because catalgs§7 typi- Me\')J\/L aq. MeNH,, rt Mej)j\/‘\
cally provides aldol adducts with th&configuration at the ‘ Ph Ph
hydroxyl-bearing center (opposite to that found in the major OPiv OH
syn-diastereomer) it was not surprising that the selectivity was syr-48 sy”‘f3
attenuated compared to that obtained fr8ta Moreover, it X-ray 51%
was reasonable to suspect that us€R)R(-27 as catalyst would O OH O OH
. . A 5% aq. HF / CHzCN
provide higher syn-selectivities in an overall matched case of Me\|)\)\ Me\|/u\/'\
: . . : Ph Ph
double diastereoselection. This was indeed found to be the case rt
: i . - OTBS OH
(entries 5-8); good to excellent syn-diastereoselectivity was syn-47 syn-53
observed. The TBS-protected enol ethéprovided the adducts syn/anti, 70/1 91%, syn/anti, >70/1
in the highest yield (85%) and selectivity (73/1 syn/anti).
O OH 9 HF / CH3CN @ OH
Table 10. Catalyzed Additions of Trichlorosilyl Enolates Me 5% aq. 3 Me\|)l\)\
Generated in Situ Using3(9)-272 Ph 1t Ph
. OTBS OH
CH,Cly, 1t § : !
MeY&CH MeNRz + N R2 syn/anti, 1.5/1 87%, syn/anti, 2/1
OR! 2 2. 5mol% 27, L S
R2CHO, ~78 °C an ant O OH | s59%PdC Q OH
i .
3. NaHCOj; (aq. Me\|/u\)\ M"“\|/u\/k
s (2a) P EoH, it Ph
entry R enol aldehyde catalyst products syn/angield°% OBn 49 OH53
1 TBS 44 PhCHO 31& 47 1.2/1 81 syn/anti, 11/1 55%, syn/anti, 12/1
2 TBS 44 PhCHO g9-27 47 1.5/ 85
3 Piv 45 PhCHO §9-27 48 3.4/1 78 ) ) )
4 Bn 46 PhCHO §9-27 49 1.1 78 of diastereomers (from the reaction catalyzedRR)-27) which
5 TBS 44 f (89-27 52 1.3/1 80 provided a 12/1 mixture of diolsyrnr andanti-53 in moderate
6 TBS 44 PhCHO RR-27 47  73/F 85 yield.
7 Piv 45 PhCHO RR)-27 48 20/1 78
8 Bn 46 PhCHO RR)-27 49 111 77 . .
9 TBS 44 f (RR-27 52 6.2/1 81 Discussion

aConditions: (1) 1 mol % of Hg(OAeg)2 equiv of SiCW1 M/1 h.

A. Uncatalyzed Reactions. 1. Reactivity Trends.The

(2) Reactions performed at 0.5 M for 2'hDetermined by*H NMR reactivity of trichlorosilyl enolates and the mechanism of their

analysis.° Chromatographically homogeneous mateti&.mol % of
catalyst employed at 0.1 M for 4.5 hDetermined by CSP SFC

direct aldolization is believed to involve initial coordination of

analysis. Determined by CSP SFC analysis of the benzoates. the alder_lyde to the_l__ewis acid_ic silicon center forming a trigonal
bipyramidal (tbp) silicon speciéé:24e4t has been suggestd
3. Determination of Relative Configuration. The relative ~ (2nd demonstrated computationafjthat such associative aldol
configuration of the pivaloaté8was established by crystallizing ~ 2dditions of enoxysilanes undergo carb@arbon bond forma-

a sample (obtained from the reaction catalyzed RyR)-27, tion through a closed transition structure that resembles a boat.
initial dr 20/1) to diastereomeric purity, followed by single- N the absence of obvious steric interactions in either the boat
crystal X-ray analysi& Diastereomerically pureyn48 was or chairlike arrangements, the underlying reasons for the

then deprotected with aqueous methylamine in methanol to preference for tbp silicon enolates to react preferentially through
provide puresyn53 in modest yield, Scheme 8. The major @ boatlike structure are unclear. Although many factors (O

diastereomer (dr 70/1) from the reaction4sfwith benzalde- =~ M—O bond angles, MO bond lengths, overall coordination
hyde in the presence of theRR)-27 catalyst was then geometry around M, spectator ligands on M, and substitution
deprotected with aqueous HF in acetonitrile to also giye pattern on enol dond® have been implicated in the relative
53 (as compared to the above material by TLC 4RANMR stability of chair- and boatlike transition structures involving

analysis) in high vield as essentially one diastereomer. In Metal enolates, there seem to be no clear-cut rules governing
addition, a 1.5/1 mixture of diastereome¥2 (obtained from  Such predictions a priori. As the present additions involve
the reaction catalyzed by58)-27) was similarly deprotected ~ @-unsubstituted enolates, there is no stereochemical reporter

to give a 2/1 mixture of syn- and anti-dio&3. Finally, the

(23) The crystal structure ofH)-syn48 has been deposited in the

relative configurations of the benzyloxy adduct® were Cambridge Crystallographic Data Center as supplemental publication CCDC
determined by hydrogenolytic deprotection of an 11/1 mixture 111712.

(24) See refs 1a, 2d, 2e, and 4. The reactions of enoxysilacyclobutanes

(21) For previous studies on the diastereoselective addition of simple are also thought to proceed through boatlike transition structures involving
chiral methyl ketone enols to aldehydes, see: (a) Seebach, D.; Ehrig, V.; tbp silicon species, see: (a) Myers, A. G.; Kephart, S. E.; Ched, Am.
Teschner, M.Liebigs Ann. Chem1976 1357-1369. (b) Evans, D. A.; Chem. Soc1992 114, 7922-7923. (b) Denmark, S. E.; Griedel, B. D.;
Nelson, J. V.; Vogel, E.; Taber, T. R. Am. Chem. S0d981, 103 3099~ Coe, D. M.; Schnute, M. EJ. Am. Chem. S0d.994 116, 7026-7043.

3111. (c) Heathcock, C. H.; Pirrung, M. C.; Lampe, J.; Buse, C. T.; Young,

(25) Gung, B. W.; Zhu, Z.; Fouch, R. A. Org. Chem1995 60, 2860—

S. D.J. Org. Chem1981, 46, 2290-2300. (d) Lagu, B. R.; Crane, H. M.; 2864. See also ref 22b.

Liotta, D. C. J. Org. Chem.1993 58, 4191-4193. (e) Paterson, |;

(26) (a) Evans, D. A.; McGee, L. Rietrahedron Lett198Q 21, 3975~

Goodman, J. M.; Isaka, MTetrahedron Lett1989 30, 7121-7124. (f) 3978. (b) Nakamura, E.; Kuwajima, Tetrahedron Lett1983 24, 3343-
Trost, B. M.; Urabe, HJ. Org. Chem199Q 55, 3982-3983. (g) Gustin, 3346. (c) Evans, D. A.; Nelson, J. V.; Taber, T.Rip. Stereocheni982
D. J,; VanNieuwenhze, M. S.; Roush, W. Retrahedron Lett1995 36, 13, 1-115. (d) Hoffmann, R. W.; Ditrich, K.; Froech, $etrahedrornl985
3447-3450. 41, 5517-5524. (e) Bernardi, A.; Capelli, A. M.; Comotti, A.; Gennari,

(22) For a definition of these terms see: Denmark, S. E.; Aimstead, N. C.; Gardner, M.; Goodman, J. M.; Patersorf,dtrahedrorl991, 47, 3471~
G. InModern Carbonyl Chemistrytera, J., Ed.; Wiley-VCH: Weinheim, 3484. (f) Li, Y.; Paddon-Row, M. N.; Houk, K. NJ. Org. Chem199Q
2000; Chapter 10. 55, 481—493.
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Scheme 9
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group that can provide information about the relative topicity model, then addition of the enolate to the sterically more
of bond formation. Thus, little direct speculation can be made accessible face would provide the observed anti-diastereomer,
about the nature of the transition structure. However given the Scheme 98
ample precedent for boatlike structures in related systems it It seems that the stereoelectronic preferences of the oxygen
seems reasonable to consider such assemblies in these additior@om on the acceptor dominates the stereochemistry-determining
as well. event, as both silyloxy and benzyloxy substrates provided similar
results, despite their vastly different steric profiles and coordi-
Jhating abilities?® This result is in line with Heathcock’s analysis
for nonchelation controlled additions wherein electronic, rather
than steric, interactions dominate the reactive conformation of
simple a-oxygenated aldehydégs
Chiral methyl ketone enolate8—11 were only weakly

diastereoselective in uncatalyzed reactions. Note that in these
additions the nature of the oxygen substituent did appear to play
a small role in stereoselection, with OTBS being unselective,
while OPiv and OBn were slightly anti-selective (Table 9). Such

All of the achiral enolates reacted cleanly with a wide
selection of aldehydes, though the reaction rate was retarde
with increasing branching of the aldehyde partner. In addition,
conjugated aldehydes (aromatic and olefinic) were generally
more reactive than aliphatic aldehydes, presumably due both
to their smaller size and higher Lewis basidtyThe 2-hexa-
none-derived enolat2 also added cleanly to the-oxygenated
aldehydes $-35 and ©-37 in uncatalyzed reactions, though
the stereoselectivity of the process was low, favoring the anti-
isomer. In addition, it was found th_at the aldol addltlon_s; modest changes in selectivity should be interpreted with extreme
proceeded cleanly and without retardation when performed with .o \tion. One simple explanation for this trend invokes a
enolates formed in situ from the corresponding TMS enol ether ¢ontormation wherein the oxygenated substituent eclipses the
via the mercury-catalyzed trans-silylation reaction. Apparently eno| double bond to minimize dipol&In this conformation,
the presence of the mercury(ll) species has little if any effect the anti-diastereomer would be formed by attack of the less
on the uncatalyzed aldolization. hindered face of the enolate on the aldehyde through a boatlike

2. Stereoselectionln the uncatalyzed additions of achiral —

lates to chira-oxygenated aldehydes, a definitive analysis (2_8)A referee has suggested that chalr_—lll_(e structures should be
enola "OXyg aldenyaes, YSIS  considered as well. Although we cannot a priori exclude such structures
of the stereoselection process is difficult due to the small energy because of the absence of a stereochemical marker, our previous studies
differences involved AAG¥(298 K) = 0.5 kcal for 2.4-2.7/1, on uncatalyzed reactions witB-configured enolates (ref 4) reveal an

i/ However. if boatlike transition structures are consid- overwhelming (albeit not exclusive) preference for reaction via boatlike
anti/syn). ! ' X A " structures. Insofar as overriding steric interactions are unlikely to differentiate
ered and if the aldehyde is assumed to exist in a conformation unsubstituted fronE-enolates we feel confident in this assumption.
such that the oxygen is anti to the incoming nucleophile, as (29) For a thorough discussion of the effects:fieteroatom substituents

o . on the stereochemical course of addition to aldehydes see: (a) Reetz, M.

suggested by the Heathcock modificatithof the Felkin-Ahn T. Angew. Chem., Int. Ed. Engl984 23, 556-569. (b) Reetz, M. TACC.

Chem Res1993 26, 462-468. (c) Reetz, M. TChem. Re. 1999 99,
(27) Based on the enthalpy of formation of aldehyf#; complexes, 1121-1162.
see: Maria, P.-C.; Gal, J.-B. Phys. Chem1985 89, 1296-1304. (30) Cowden, C. J.; Paterson,drg. React.1997 51, 1-200.
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more favorable

Scheme 11
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more favorable enolization

transition structure, Scheme 10. By changing the nature of the merically enriched, stoichiometric enolization of the aldehyde
oxygen substituent (size, hyperconjugative ability, chelating can be ruled out. A more likely scenario is that enolization does
potential (see below)) the energetic cost of placing it in an take place and the resulting mixture inhibits the reaction either
eclipsing position may become highethus allowing an through catalyst destruction or by interfering with catalyst
electronically less favorable reactive conformation, with the turnovers?
methyl group eclipsed, to compete, lowering the facial selectivity =~ The successful catalyzed aldolization with cyclohexane-
of attack on the enolate. carboxaldehyde and the less than satisfactory results with chiral
B. Catalyzed Reactions. 1. Reactivity TrendsThe mech- aldehydes (in addition to the wholly unsuccessful catalytic
anism of the phosphoramide-catalyzed aldol additions of trichlo- additions to hydrocinnamaldehyde) highlight the dramatic
rosilyl enolates is the subject of an extensive, ongoing inves- substrate dependence on the proposed enolization. This apparent
tigation. For the purposes of the immediate discussion, we inconsistency may be rationalized by proposing that enolization
assume that the reaction pathway for the methyl ketonesintercedes as a shunt from a structurally similar transition
described herein is the same as for the substituted enolates thastructure. We suggest that enolization, like aldolization, requires
are the subject of the mechanistic studie¥:4°At the current dual activation of the enolate and the aldehyde and that
level of understanding, the dominant catalyzed pathway involves enolization can only occur via a closed, eight-membered
the intermediacy of a cationic, diphosphoramide silyl enolate transition structure, Scheme 11. Such a reactive conformation
complex, which, upon binding an aldehyde, reacts through a is unfavorable if purely-complexation ¢ = 0°) of the aldehyde
chairlike transition structure organized around a hexacoordinate(i.e. antiperiplanar to the aldehyde residue) to the silicon is
silicon species. Furthermore, a second pathway, which is assumed. However, if the complexation is allowed to be looser
typically less facially selective, involves a cationic monophos- and the silicon slips to an anticlinal orientation relative to the
phoramide species wherein the transition structure resembles aldehyde residueg( > 0°, e.g., 26-30°), such an eight-
boat, organized around a cationic, pentacoordinate silicon centermembered-ring transition structure is feasible and perhaps
This second pathway can contribute significantly in reactions favorable. It hardly seems unreasonable that subtle differences
catalyzed by bulky phosphoramides and/or at low catalyst in the structure of the aldehyde or enolate could lead to small
loading. A more detailed analysis of the mechanism of this changes in the conformation of the aldehyde/enolate complex
reaction (specifically with regard to cyclic ketone enolates) such that the relative energy barriers for enolization or aldoliza-
including the relative stability of chair- and boatlike transition tion are altered?”
structures for both tbp and octahedral siliconate arrangements 2. Stereoselection. 2.1. Achiral Enolates and Achiral
will be the subject of an upcoming repgit Aldehydes.The catalyzed reactions involving achiral substrates
Although the selectivities of the reactions with chiral alde- proceeded with moderate to high enantioselectivity when the
hydes were often high, the yields of the processes were low. stilbenediamine-derived phosphoramid§-27 was used.
This was the case regardless of the protecting group used anddther phosphoramide structures were markedly less selective,
did not change over a range of reaction conditions. A control as was also true in the related reactions of trichlorosilyl enolates
experiment with the TBS-protected, quaternary aldengdle  of cyclic ketones where both diastereo- and enantioselectivity
demonstrated that neither oxygenation nor silyl-protection in were low? The opposite absolute configuration of adducts
the a-position of the aldehyde acceptor was harmful to the provided by cyclohexanediamine catalyRiR)-29 was expected
_Overa” (_affluency of the catalyzed pathway, _thoth the Sele(_:tlv' (32) (a) We have recently noticed that both aldehydes and ketones are
ity obtained was rather low. Because of this, and the previous converted to trichlorosilyl enolates in the presence of S phosphor-
problems with enolizable aldehydti,is reasonable to conclude  amides without the need for added base. This implies that the generation
that at least some of the problem is due to enolization and of HCl is thermodynamically favorable. If this also occurs with the chiral
trichlorosilyl-group transfer. However, as the aldehyde that was aldehydes, trichlorosilyl enolates, and phosphoramides at a rate competitive

A ; ! &> with aldolization, then only a small amount of HCI needs to be generated

recovered from one of the catalytic reactions was still enantio- to inhibit the catalyst. (b) Preliminary experiments suggest that,iah

form adducts of aliphatic aldehydes in the presence of phosphoramides.
(31) Denmark, S. E.; Su, X.; Wong, K.-T.; Nishigaichi, Y.; Stavenger, This might also constitute a explanation for the failure of these substrates

R. A.; Pham, S. M. Manuscript in preparation. to react. T. Wynn, unpublished observations from these laboratories.
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as this catalyst is enantiomorphic to both phosphoramiges ( in the present case. As catalyst loading drops the rate of the
30 and §9-27. di-phosphoramide pathway (chairlike) decreases as the square
Unfortunately, it is difficult to draw useful transition structures ~ of the concentration, while the mono-phosphoramide pathway
to explain the absolute stereoselection process for these catalyzeboatlike) drops linearly. With methyl ketone enolates, these
aldol additions. In addition to the obvious difficulties of drawing two pathways retain the same topicity at the enol faces, but
conclusions on the basis of a single stereochemical observablechange the face of the aldehyde being attacked. From the results
(enantioselectivity), the sheer size and complexity of the systemin Table 5 it can be concluded that at loadings from 1 to 5 mol
makes a fundamental analysis challenging. Issues that must b&b, both mono- and di-phosphoramide pathways are operative,
addressed before proposing reasonable transition structuresvhile at loadings above 5 mol %, only the di-phosphoramide
include (but are not limited to) the following: multiple pathway is operative and the constant er from 5 to 20 mol %
configurations around a (chiral) octahedral silicon center; order represents the energy difference between competing hexacoor-
and timing of Lewis base (phosphoramidad aldehyde) dinate, chairlike transition structures.
complexation to silicon; conformational freedom of rotation  Not surprisingly, in view of the cationic nature of the reactive
about the presumed phosphoryl oxygesilicon bonds; and silicon intermediates, the reaction medium had a dramatic effect
timing of C=C bond formation (i.e., determining the stereo- o, the selectivity of the overall process. Dichloromethane and

chemistry determining step). These considerations must bepqpionitrile were the only solvents truly suited for the reaction.
resolved before embarking on an analysis of the traditional aldol L .
The in situ formation and use of enol&e&lemonstrated that

problems involving sets of boatlike and chairlike transition the presence of a small amount of mercury salts had no effect
structures leading to the observed products. While we have made p y

preliminary attempts to tackle these questions computationally, on the stereoselectivity of the aldolization catalyzed S

we quickly realized that the magnitude of the problem surpassedtzh7 (comgare Schem;e 3 an(;:l T.‘;? le t7', (tantry ? Itn contrastl, v;/:]he n
our current capabilities. Indeed, analysis of simple molecular € reaction was periormed without Intérmediate removai ot the

models reveals the vast number of potential configurations and SiCly ar_1d TMSCI (with enol ether32 and33,_ S_qheme 2) much

conformations of the proposegliaternarymolecular assembly lower yields and atte.n'uated engnuosglecnwues were observgd.

and the task becomes clear and daunting. Fo_rtunate_ly, the add|t!onal mampulatloq of reagent removal_ is
It should be noted that the apparent facial selectivities (er) neither time-consuming nor challenging when nonvolatile

of the methyl ketone enolate additions are slightly lower than enolates a.re used. ) .
the facial selectivities (er of the adduct arising from a di-  2-2- Achiral Enolates and Chiral Aldehydes.The yields of

phosphoramide (chairlike) transition structure) of the reactions the catalyzed additions of enolado chiral aldehydesg)-35

of cyclic ketone enolates. This lower enantioselectivity observed @nd §)-37 were modest, though the selectivities obtained do
with some of the substrates (particularly acetophenone) wasShow considerable promise. The catalyzed reactions were all
somewhat surprising, especially given the excellent enantio- (save that catalyzed by5§)-27) anti-selective. As previously
selectivities obtained with the propiophenone-derived endlate. observed in the achiral enolate/achiral aldehyde systems,
However, it is important to recognize that changes in the relative solvents other than Cf€l; led to less selective reactions.
diastereoselection processes (i.e. chairlike vs boatlike transitionAlthough the phosphoramideRR)-27 proved to be the best
structures) can manifest themselves in the enantioselectivity of catalyst, the cyclohexanediamine-derived catalgsR)-29 also

the reaction if the change in relative topicity is due to a change performed well, providing up to 10/1 diastereoselectivity. This
at the face of the aldehyd@ Although modest diastereoselect- is in contrast to the very poor enantioselectivity observed in
ivity was obtained with the propiophenone enolate, the dr was the additions with acetone enolateand benzaldehyde (Table
highly dependent on catalyst loading. It is perhaps not surprising 3, entry 2). When the benzyloxy aldehyd®-87 was used, less
that lower enantioselectivity was observed with the acetophe- substrate control was observed and the configuration of catalyst
none-derived enolat®, arising not from poor facial selectivity =~ 27 played a larger role in the stereochemical course of the
in the competing chairlike transition structures but from lesser reaction.

differentiation of competing chair and boat structures. An  The stereochemical course of the catalyzed additions to chiral
explanation for the low selectivity observed with the pinacolone- 3idehydes$-35and ©)-37 was predictable on the basis of the
derived enolat® is less clear and may be due either to a chair- intrinsic facial selectivity of the aldehyde and the influence of
boat selection problem, as above, or to inherently lower facial the catalyst R R)-27 on the external stereoselection process.
selectivity arising from the steric bulk of the enolate. First, if one applies the FelkinHeathcock analysis to th&)

The observation that the product er decreases with decreasingonfigured aldehyde, approach to tReface of the carbonyl
catalyst loading is consistent with a change in relative rates of group is preferred which leads to the anti-diastereomer. Second,
the two reaction pathways, and is not ascribable to intervention if one assumes that the cataly&R)-27 has the same facial
of an uncatalyzed, racemic pathwdyln the case of the pias for the enolat@ as it does for the cyclohexanone enolate
cyclohexanone enolate, lowering catalyst loading decreases thehen with the additional assumption of a chairlike transition
diastereoselectivity, but not the enantiomeric composition of the strycture, attack on tHeeface of the aldehyde is again preferred
diastereomers. The implication is clear; with less catalyst the \yhich further reinforces the formation of the anti-adduct,
same process that impacts the relative stereoselection procesgcheme 12. WhenS(9-27 was used, syn-selectivity was
for the cyclohexanone enolate (chairlike versus boatlike transi- gptained with aldehydeS[-35; apparently the catalyst can
tion structures) also causes the erosion of the enantioselectivitygyerride the intrinsic facial selectivity of the aldehyde in this

(33) The minor diastereomers in the aldol additions of substituted mismatched Case.' Unfprtunately, it is unclear ‘f"t thls.“me hOW
trichlorosilyl enolates are nearly racemic indicating that a topicity change the enolate face is shielded by the complex involving chiral
at either enolate or aldehyde is equally feasible. phosphoramides. Given the unknown configuration around

(34) The methyl ketone enolates are less reactive than the substitutedsijicon. the conformational degrees of freedom, and number of
enolates. In addition, control experiments showed that only 4% of the aldol hi ! | . | i ’ has little h
product is formed in the absence of catalyst under the conditions of the third rOW .e ements, e}/en computational modeling has little hope
catalyzed reactions. of providing compelling answers.
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2.3. Chiral Enolates and Achiral Aldehydes.This series suggests that a pathway involving chelation of the silicon cation
of additions also served to illustrate the utility of in situ may become possible with smaller and more basic oxygen
generation and reaction of trichlorosilyl enolates. In a number functions$®
of examples, both catalyzed and uncatalyzed additions were
performed cleanly and selectively with the in situ protocol
developed previously. In addition to the convenience the in situ A mild, general method for the synthesis of methyl ketone-
procedure pro\/ides7 these studies with chiral methy| ketones derived triCthfOS”yl enolates has been deVE'Oped. This mer-
demonstrated the compatibility of the trichlorosilyl enolate/ cury(ll)-catalyzed trimethylsilyl to trichlorosilyl metathesis was

phosphoramide technology with several common protecting Shown to be compatible with a variety of oxygen functions on
groups. the starting ketone, in addition to being amenable to in situ

formation and use of the trichlorosilyl enolates, with no change

: in the selectivity of the ensuing reactions. It was shown that
benzaldehyde catalyzed bR R)-27 demonstrated that this i iorosilyl enolates of methyl ketones are unselective in

process can be extremely syn-diastereoselective. When thg,ncatalyzed reactions when either donor or acceptor centered
catalyst §5)-27 was used in an overall mismatched case only g psirate control is possible. However, high diastereoselectivity
low selectivity was observed, still favoring the syn-isomer. Thus, ¢qyid be obtained by the combination of either chiral enolates
the internal selectlwt_y _of the chiral er_lolate (_establlshed from oy chiral aldehydes with the appropriate chiral phosphoramide
the weak syn selectivity observed with achiral catalysg) catalyst. In addition, the same chiral catalysts provide good to
dominated the stereochemical course of addition. Apparently, high absolute control (enantioselectivity) in the addition of
in catalyzed aldol additions of trichlorosilyl enolates, the facial achiral enolates to achiral (including one enolizable) aldehydes.
bias provided by stereogenic centers on the enolate is higherextension of these studies to include chiral ethyl ketones bearing
than the bias provided by stereogenic centers on the aldehydepxygen substituents in the- and'-positions along with further
portion. exploration of catalyst dependencies are currently under inves-
The reactions catalyzed byR(R-27 were highly syn- tigation. Kinetic analysis of the reactions of methyl ketone
diastereoselective and correlated well with the size of the €nolates is also of importance in substantiating the existence of
protecting group, The overall syn-selectivity can be rationalized the dual reaction pathways and will be reported in due course.
by assuming an eclipsed conformation of the oxygen S“bStit“entExperimentaI Section
to minimize dipoles? similar to that described above for the
uncatalyzed additions, Scheme 13. The observation that dia-

Conclusion

The additions of both pivaloyloxy- and silyloxy-enolates to

See Supporting Information.
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(R*oN)3P=0 (R*zN)sfl’l Ph data for all aldol adducts and derivatives are described (PDF).
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Me (35) The possibility of chelation of the silicon by theoxygen substituent
r Ph becomes more plausible in the catalyzed reactions wherein the silicon is a
OR more electrophilic cationic center. The intriguing possibility that the sense
of internal diastereoselection might be tunable by the use of catalysts which
prefer the mono- versus the diphosphoramide pathway is currently under

investigation.



