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Abstract—Titanium-mediated aldol reactions based on (S)-2-tert-butyldimethylsilyloxy-3-pentanone, a lactate-derived chiral ketone, pro-
vide the corresponding 2,4-syn-4,5-syn adducts in high yields and diastereomeric ratios with a wide array of achiral and chiral aldehydes.
Furthermore, spectroscopic studies of intermediates involved in the process have permitted to propose a mechanism that accounts for the

experimental results.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Aldol reactions involving chiral ketones represent one of the
most efficient and versatile methodologies for the stereo-
selective construction of carbon—carbon bonds.! Particularly,
pioneering studies by Heathcock et al.> and Masamune et al.
earlier revealed the synthetic potentiality of a-hydroxy
ketones such as 1 and 2 (Fig. 1) and paved the way for the
development of a plethora of asymmetric processes based
on the reactivity of lithium and boron enolates.*8 This chem-
istry was significantly enriched by Evans discovery that tet-
rachlorotitanium enolates, generated directly from ketones,
participate in highly selective aldol reactions.’ In the case
of ketone 2, the stereoselectivity of the titanium-mediated
aldol reaction was found to be comparable to that reported
for the analogous boron-mediated process.”® Unfortunately,
most of these approaches were bound to chiral ketones

Figure 1.
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containing bulky groups (zert-butyl and cyclohexyl in 1 and
2, respectively, in Fig. 1), which limited their applicability
in synthesis. However, Paterson nicely established that the
aforementioned steric requirements are not essential and
that dicyclohexylborinates from lactate-derived ketones 3
and 4 (Fig. 1) furnish highly stereoselective aldol transforma-
tions provided that the hydroxyl protecting group and the
enolization procedures are suitably chosen.'®'? Then, the
corresponding aldol adducts can be manipulated to give
access to a wide range of molecular architectures present in
natural polyoxygenated metabolites.'®> More recently, Den-
mark has disclosed highly stereoselective aldol processes
involving trichlorosilyl enolates from ketone S (Fig. 1) and
chiral phosphoramides, having proved that the a-chiral cen-
ter rules the stereochemical outcome of the aldol addition.'*

These findings provided us the impetus for launching several
years ago a project devoted to the study of aldol reactions
based on chiral o-hydroxy ketones'> and the application
of the resulting adducts to the synthesis of polypropionate
motifs embedded in natural products. Taking advantage of
the high reactivity displayed by titanium enolates, we have
developed highly stereoselective aldol reactions based on
protected lactate-derived ketones.!®"'® Herein, we disclose
an efficient titanium-mediated aldol methodology based on
(8)-2-tert-butyldimethylsilyloxy-3-pentanone (5).'

2. Results and discussion

(S)-2-tert-Butyldimethylsilyloxy-3-pentanone (5) can be
prepared through acylation of EtM (M=Li, MgBr) organo-
metallic species with amides derived from commercially
available (S) lactate esters. Remarkably, enantiomerically
pure ketone 5 is routinely prepared in multigram scale
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Scheme 1. Reagents and conditions: (a) pyrrolidine, rt; (b) TBSCI, Et;N, cat DMAP, rt, THF, 94%; (c) EtLi, —78 °C, THF, 84%; (d) MeONHMe-HCI,
i-PrMgCl, 76%; (e) TBSCI, Et;N, cat DMAP, rt, THF, 97%; (f) EtMgBr, 0 °C, THF, 92%.

following a synthetic sequence based on N-acyl pyrrolidine
6 as shown in Scheme 1. Indeed, the high nucleophilicity of
the pyrrolidine permits to obtain quantitatively the hydroxy
amide 6 in a free solvent process at rt; then, the crude reac-
tion mixture is submitted to standard silylation conditions
and, finally, the resulting silyloxy amide 7 is treated with
EtLi to afford the desired ketone 5 in high overall yield
(78%).1>¢ Alternatively, it can be also prepared in good yields
(68%) via Weinreb amide 8'° (Scheme 1).2° Eventually,
the corresponding enantiomer, (R)-2-tert-butyldimethyl-
silyloxy-3-pentanone (ent-5), can be likewise obtained from
the commercially available (R) isobutyl lactate.'>®

With a straightforward and reliable supply of the required
ketone 5§ in hand, we began the study of the titanium-
mediated aldol reactions with a survey of different Lewis
acids. Taking advantage of the experimental procedure re-
ported by Evans, we initially carried out the enolization with
several titanium Lewis acids (1.1 equiv) and i-Pr,NEt
(1.1 equiv) for 1.5 h at —78 °C and the resulting enolate was
allowed to react with isobutyraldehyde (1.2 equiv) for 2 h at
the same temperature. The results are summarized in Table 1.

As expected, the reactivity of the titanium Lewis acids de-
creases as the number of alkoxy groups bound to the metal
increases, to the point that ketone 5 can be recovered un-
altered when Ti(i-PrO);Cl is used (see entry 5 in Table 1).
Interestingly, all the other Lewis acids (see entries 1-4 in

Table 1. Titanium-mediated aldol reaction of ketone 5 with isobutyraldehyde

Table 1) afforded aldol 10a as a single diastereomer
(dr 97:3 by '"H NMR), which proved that bulky groups on
the ketone are not required to achieve highly diastereoselec-
tive processes. We were particularly entrusted with TiCly
and Ti(i-PrO)Cls, since they could be easily handled and
afforded good yields. Further optimization of the process
involving both Lewis acids revealed that the enolization as
well as the reaction time were pretty fast and could be re-
duced to 30 min (compare entries 2, 6, and 8 and 3, 7, and
9, respectively).?! Additionally, we observed the formation
of variable amounts (5—-10%) of hemiacetal 11a, which was
presumably responsible that some of the abovementioned
reactions did not go to completion satisfactorily. Thus,
slightly higher and more reproducible yields were obtained
using 1.5 equiv of isobutyraldehyde (see entries 10 and 11
in Table 1), although we are aware that good yields can
also be achieved with 1.2 equiv.??

Next, these experimental procedures were successfully gen-
eralized to other aliphatic, aromatic, and o,B-unsaturated
aldehydes. As results summarized in Table 2 prove, the cor-
responding 2,4-syn-4,5-syn aldols 10 were obtained in high
yields and with excellent diastereomeric ratios for a wide
array of aliphatic aldehydes, even in the case of sterically
undemanding acetaldehyde (see entries 4 and 13 in Table 2).
Remarkably, Ti(i-PrO)Cl;-mediated aldol reactions afforded
slightly better diastereomeric ratios than the corresponding
TiCl, counterparts, being in most cases higher than 95:5.

(0] (0] OH O\/L/O
I 1) TiLy, i-Pr,NEt, CH,Cly, 78 °C | . HO,
2) i-PrCHO
TBSO TBSO TBSO

5 10a 11a
Entry Lewis acid Enolization time (h) Reaction time (h) Aldehyde equivalents Yield of 10 (%)"
1 TiBry 1.5 2 1.2 52 (17)
2 TiCly 1.5 2 1.2 83 (5)
3 Ti(i-PrO)Cl; 1.5 2 1.2 76 (14)
4 Ti(i-PrO),Cl, 1.5 2 1.2 35 (50)
5 Ti(i-PrO);Cl1 1.5 2 1.2 — (90)
6 TiCly 0.5 2 1.2 80 (<5)
7 Ti(i-PrO)Cl; 0.5 2 1.2 74 (15)
8 TiCly 0.5 0.5 1.2 80 (6)
9 Ti(i-PrO)Cl; 0.5 0.5 1.2 80 (10)
10 TiCly 0.5 0.5 1.5 85 (—)
11 Ti(i-PrO)Cl, 0.5 0.5 1.5 85 (<5)

 Tsolated yield. In parentheses are the isolated yields of unreacted ketone.
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Table 2. TiCly- and Ti(i-PrO)Cls;-mediated aldol reactions of ketone 5

R

X

OH [OXN©]

0 o)
\I)\/ 1) TiCl, or Ti(-PrO)Cl, i-Pr,NEt, CH,Cly, <78°C 5 1|4 , Ho,
2) RCHO 5 R R
TBSO TBSO TBSO

5 10 11
2,4-syn-4,5-syn
Entry Lewis acid Aldehyde R dr* Yield 10 (%)°
1 TiCly a (CH3),CH 97:3 85 (82)°
2 TiCly b (CH3),CHCH, 95:5 81
3 TiCly c CH;CH,CH, 95:5 85
4 TiCl, d CH; 91:9 58¢
5 TiCly e Ph 93:7° 82
6 TiCly f 4-NO,Ph 95:5° 82
7 TiCl, g 4-MeOPh 92:8° 80"
8 TiCly h H,C=CH(CH3) 97:3 85 (90)%
9 TiCly i (E) CH;CH=CH 96:4 80
10 Ti(i-PrO)Cl3 a (CH3),CH 97:3 85 (85)°
11 Ti(i-PrO)Cl, b (CH;),CHCH, 97:3 78
12 Ti(i-PrO)Cl3 c CH;CH,CH, 96:4 86
13 Ti(i-PrO)Cls d CH, 937 60¢
14 Ti(i-PrO)Cl; e Ph 93:7° 81
15 Ti(i-PrO)Cl3 f 4-NO,Ph 95:5¢ 80
16 Ti(i-PrO)Cls g 4-MeOPh 92:8° 80°
17 Ti(i-PrO)Cl; h H,C=CH(CH;) 97:3 81
18 Ti(i-PrO)Cl3 i (E) CH;CH=CH 96:4 79
2 Determined by 'H NMR.
® Isolated yield (dr>95:5).
¢ Scale=4 mmol.
4 Thirty percent of hemiacetal 11d isolated.
c
c

Determined by HPLC.
Overall isolated yield.
€ Scale=3 mmol.

Stereoselectivity was slightly eroded in the case of aromatic
aldehydes, especially for the electron rich p-methoxybenz-
aldehyde (g), which afforded low diastereomeric ratios (dr
92:8) both with TiCly and Ti(i-PrO)Cl;. The reasons for
this behavior are still unclear. Finally, outstanding diastereo-
selectivities (dr>96:4) were also achieved for a,B-unsatu-
rated aldehydes with both Lewis acids.

Otherwise, several reactions were easily scaled-up without
observing any loss of diastereoselectivity or yield (see
entries 1, 8, and 10 in Table 2).

Noteworthy, formation of hemiacetals 11 was routinely ob-
served in the case of aliphatic aldehydes, a—d. Particularly
important was the case of acetaldehyde-derived 11d
(R=Me in Table 2), which turned out to be rather stable
and could be isolated more easily than in other cases (see
entries 4 and 13 in Table 2).

Relative 4,5-syn stereochemistry of aldols 10 was assigned
by means of the analysis of diagnostic coupling constants
in 'TH NMR (°J;5<4.0 Hz) and chemical shifts in '*C
NMR (6pe4<11 ppm).23-2* However, absolute stereochem-
istry required further attention. Hence, removal of protecting
groups from representative aldols 10a and 10e afforded
dihydroxy ketones 12, which were subsequently converted
into the corresponding B-hydroxy carboxylic acids 13 in
good overall yield (Table 3). Spectroscopic and physical
data of 13 match with those previously reported in the liter-
ature and confirmed the configuration assigned to aldols 10.

The ability of ketone 5 to rule the stereochemical outcome
of such substrate-controlled aldol reactions was next chal-
lenged in double asymmetric processes’® confronting tita-
nium enolates from 5 to chiral B- and a-hydroxy aldehydes
as 14 (and ent-14)>’ and 15 (and ent-15)*® as shown in
Scheme 2. In this context, Evans et al. documented that
TiCly-mediated aldol addition of 2-methyl-3-pentanone to
chiral a-methyl-B-hydroxy aldehydes provides the corre-
sponding anti-Felkin adducts in moderate stereoselectivity.’
In addition, preliminary studies carried out in our group
proved that the parallel process associated to chiral a-hydroxy
aldehyde 15 favors the corresponding Felkin adduct.'®®
Thus, it was not surprising to observe that matched pairs

Table 3. Correlation to B-hydroxy acids

O OH O OH O OH
I HF I Nalo, I
— —_—
R CH,CN, 1t R MeOH/H,0, rt HO R
TBSO HO
10a R=/Pr 12a R=iPr 13a R=/iPr
10e R=Ph 12e R=Ph 13e R=Ph

13a [o]p=+11.4 (¢ 0.65, CHCIl;) Heathcock?® [0]p=+9.1 (¢ 2.2, CHCI3)
Palomo®  [0]p=+10.8 (c 1.0, CHCl3)

13e [o]p=+28.8 (c 1.0, CHCl3) Heathcock?® [0]p=+28.5 (c 1.2, CHCly)

Palomo®  [0]p=+28.5 (¢ 1.0, CHCl3)
Entry Hydroxy acid R Overall yield (%)*
1 13a i-Pr 67
2 13e Ph 82

 Isolated yield from aldol 10.
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Scheme 2. Reagents and conditions: (a) (i) TiCly, i-Pro,NEt, CH,Cl,, —78 °C; (ii) chiral aldehyde.

involving aldehydes 14 and 15 afforded a single diastereo-
mer in high yields (Scheme 2).>° For B-hydroxy aldehyde
ent-14, a still synthetically useful mixture (71% yield, dr
90:10) of syn diastereomers was obtained irrespective of
the Lewis acid (TiCly or Ti(i-PrO)Cl3) employed. How-
ever, ketone 5 hardly overcame the stereochemical bias
imparted by the lactate-derived aldehyde ens-15 and
a 70:30 mixture of diastereomers was obtained in 90%
yield.

The configuration of aldols 16 and 18 was confirmed through
the selective removal of the silicon-protecting groups. In-
deed, selective cleavage of TBDPS group®! in 16 afforded
hemiacetal 20 (Scheme 3), which was carefully analyzed
by 1D and 2D NMR techniques. Alternatively, deprotection
of TBS group in 18 provided dihydroxy ketone 21 (Scheme
3), which was, in turn, oxidized with NalO, and TBDPS-
deprotected to give lactone 22, whose 'H NMR and
13C NMR spectra matched those reported in the literature.?
The configuration of major diastereomers in the case of mis-
matched pairs (17a and 19a) was accounted for the dominant
trend due to chiral ketone 5.

Diagnostic NOE
interactions

O OH H
| a Ho M
~"~OTBDPS ——~ TBSOY, pMe
TBSO : OH OH
16 20
o
o OH |
\')\l/'\l/OTBDPS _° L. o0 Z
RO S YoH
18 R=TBS 22
b
[ 21 Ren

Scheme 3. Reagents and conditions: (a) TBAF, AcOH, DMF, rt, 52%;
(b) HE, CH;CN, rt, 84%; (c¢) (i) NalO4;, MeOH/H,O 2:1, rt; (ii) HF,
CH;CN, 1t, 45%.

Once established the outline for highly stereoselective re-
actions, a deeper understanding of the mechanism of the pro-
cess was considered desirable. Unfortunately, there is a lack
of information concerning the structure of titanium enolates.
To date, only one crystal X-ray analysis has been reported,**
theoretical approaches are scarce®* and spectroscopic stud-
ies on titanium enolates in solution** have provided a poor
knowledge about the aggregation state or the coordination
sphere of the titanium.>> Indeed, it is still unknown if they
must be considered as real enolates or alternatively as ate-
complexes, the role of the amine or the distribution of
ligands around the metal.

Regarding these elusive issues, Evans et al. speculated that
ketone-derived titanium enolates exist as aggregated com-
plexes with the amine intimately associated with the enolate,
possibly through ion pairing.® This model has been mostly
held along mechanistic discussions involving titanium
enolates and could be safely applied to our system. However,
it was deemed worthwhile to get a more accurate picture of
the species implicated in the process. Hence, NMR studies
on putative intermediates of the process were carried out
in CD,Cl, at —78 °C.

In the beginning, it was easy to get both 'TH NMR and '*C
NMR spectra of ketone 5§ in CD,Cl, at low temperatures,
which turned out to be very similar to those previously
registered at rt in CDCl; (for 'TH NMR chemical shifts see
Table 4). Unfortunately, subsequent study of the TiCly—
ketone complex 23 proved troublesome because silicon-
protecting group resulted to be too sensitive to the Lewis
acid. Finally, careful addition of a solution of TiCl, to a stock
solution of ketone 5 at —78 °C and quick analysis of the re-
sulting mixture allowed us to observe significant downfield
shifts for nuclei close to the carbonyl and the ether groups
(see Table 4) and a common peak broadening, which sug-
gests a dynamic behavior. At last, "H NMR spectra of the
ensuing enolate showed a main set of broad signals and
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Table 4. '"H NMR (300 MHz) chemical shifts (CD,Cl,, —78 °C) of ketone 5
and intermediates 23 and 24

o o TiCl o TiCln
1,0 45 | «
3
OSiBuMe, OSi'BuMe, OSi'BuMe,

5 23 24
Entry Nucleus 6in §° 6 in 23" 6 in 24°
1 H1 1.17 1.40 1.35
2 H2 4.07 4.90 4.60
3 H4 2.51,2.63 3.00 5.30
4 H5 0.87 1.05 1.95
5 Si-Me —0.01 0.10 —0.01
6 Si—Bu 0.82 0.87 0.81

? Chemical shifts (6) are quoted in parts per million referenced to CHDCI,
(65.31).

a close inspection of its 2D NOESY NMR revealed cross-
peaks between C=CH and OTBS group. Hence, these
evidences support a Z geometry and an antiperiplanar
arrangement of both C-O bonds for the enolate 24 (see
Table 4 and Scheme 4).

These pieces of evidence and the models currently accepted
permit to propose the mechanism for the process represented
in Scheme 4. As shown, enolization of a chelated TiCl,—
ketone complex provides the corresponding Z-enolate, which
evolves through a cyclic six-membered transition state.
In such scenario, the antiperiplanar distribution of both
TBSO-C and C-OTi bonds would act as the key element
that determines the stereochemical outcome of the reaction
since the preferred chair transition state places the less steri-
cally demanding substituent (H vs Me) of the Ca stereo-
center pointing toward the inside of the ring, as it has been
previously proposed for similar systems,?-35-10:36

o o-TiCle
i TiCl, |
—_—

TBSO TBSO

i-Pr,NEt

H ¥ i
TBSO_ . Me O,TICIm
R/”;EO’ ;TiCIn RCHO \)\/
— 0
Me TBSO

o on
\')\I/L .
TBSO

Scheme 4.

This mechanism is consistent with the stereochemical out-
come of reactions involving both achiral and chiral alde-
hydes. Indeed, chiral a-methyl-B-hydroxy aldehydes show
the usual anti-Felkin bias according to the model established
by Roush.?’” Likewise, a-hydroxy aldehydes afford the
expected Felkin adducts, although in this case the Cornforth
paradigm is the theoretical model®® that more accurately
describes the asymmetric induction in aldol additions to
a-alkoxy aldehydes. %40

3. Conclusions

In summary, we have proved that titanium enolates from
lactate-derived chiral ketone 5 can be easily obtained by
direct enolization with TiCly/i-Pr,NEt and Ti(i-PrO)Cls/
i-Pr,NEt. Furthermore, they participate in highly stereo-
selective aldol processes with a wide scope of achiral and
chiral aldehydes that afford the corresponding 2,4-syn-4,5-
syn diastereomers in good yields irrespective of the titanium
Lewis acid used in the enolization. Finally, spectroscopic
studies of the intermediates involved in this process have
permitted to propose a mechanism that accounts for the
experimental results.

4. Experimental
4.1. General

Melting points were taken on an Electrothermal apparatus
and have not been corrected. Specific rotations were deter-
mined at 20 °C on a Perkin—Elmer 241 MC polarimeter.
IR spectra were recorded on either a Perkin—Elmer 681 or
a Nicolet 510 FT spectrometer and only the more represen-
tative frequencies (cm~!) are reported. '"H NMR (300 MHz)
and '3C NMR (75.4 MHz) spectra were recorded on a Varian
Unity Plus 300 spectrometer; 'H NMR (400 MHz) and '*C
NMR (100.6 MHz) spectra were recorded on a Varian
Mercury; 'H NMR (500 MHz) spectra were recorded on
a Varian Unity Inova 500 spectrometer; chemical shifts (0)
are quoted in parts per million and referenced to internal
TMS for '"H NMR and CDCl; (6 77.0) for '3C NMR; data
are reported as follows: s, singlet; d, doublet; t, triplet; q,
quartet; hep, heptuplet; m, multiplet; br, broad; coupling
constants (J) are quoted in hertz; where appropriate, 2D
techniques were also used to assist in structural elucidation.
Low resolution chemical ionization mass spectra (MS) were
recorded on an HP-5988 A spectrometer. High resolution
mass spectra (HRMS) were obtained from the Centro de
Apoio Cientifico Tecnoloxico a Investigacion (C.A.C.T.L),
Universidad de Vigo. HPLC was carried out with a BGY
126 (250x4 mm) column [silica gel Spherisorb S3W] with
a 0.9 mL min~' flux. Flash chromatography was performed
on SDS silica gel (35-70 um). Analytical thin-layer chroma-
tography was carried out on Merck Kieselgel 60 F,s4 plates.
The following solvents and reagents were purified and dried
according to the standard procedures: CH,Cl,, THF, Et,0,
DM, i-Pr,NEt. All other reagents were used as received.

4.2. Preparation of (S)-2-tert-butyldimethylsilyloxy-3-
pentanone (5)

4.2.1. (S)-2-tert-Butyldimethylsilyloxy-N-methoxy-N-
methylpropanamide (9). A solution of TBSCI (2.56 g,
17.0 mmol) in THF (5+1 mL) was added via canula to a
solution of 8'° (1.51¢g, 11.3mmol), EN (3.9 mL,
27.8 mmol) and a catalytic amount of DMAP in THF
(10 mL) at 0 °C under N,. The resulting mixture was stirred
at 0 °C for 10 min at rt for two days. It was then diluted with
Et,O (150 mL), washed with 1M HCI (50 mL), satd
NaHCOj; (50 mL), and brine (50 mL). The organic layer was
dried (MgSO,) and concentrated. The resulting oil was puri-
fied by flash chromatography (from hexanes/EtOAc 90:10
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to 60:40), which afforded 2.72 g (11.0 mmol, 97%) of (5)-2-
tert-butyldimethylsilyloxy-N-methoxy-N-methylpropan-
amide (9). Colorless oil; R;=0.65 (hexanes/EtOAc 60:40);
[a]lp —24.6 (¢ 1.0, CHCI); IR (film): » 2956, 2933, 1686;
'H NMR (CDCl;, 300 MHz) 6 4.68 (1H, g, J=6.6,
CHOTBS), 3.70 (3H, s, OCHs), 3.21 (3H, br s, NCH>),
1.33 (3H, d, J=6.6, CH;CHOTBS), 0.91 (9H, s, SiC(CHs)3),
0.11 (3H, s, SiCH>), 0.08 (3H, s, SiCH5); '*C NMR (CDCls;,
75.4 MHz) 6 66.6 (br), 61.2,32.8 (br), 25.8,20.9, 18.3, —4.7,
-5.0.

4.2.2. (S)-2-tert-Butyldimethylsilyloxy-3-pentanone (5).
A 2 M solution of EtMgCl (10.9 mL, 21.8 mmol) in Et,O
was added dropwise to a solution of 9 (2.69 g, 10.9 mmol)
in THF (140 mL) at 0 °C under N, and the resulting mixture
was stirred at 0 °C for 1 h. The reaction was quenched by the
addition of satd NH4Cl (80 mL). The organic layer was
washed with satd NH4CI (50 mL) and H,O (50 mL). The
aqueous layers were extracted with Et,O (2x100 mL) and
the combined organic extracts were dried (MgSQ,) and con-
centrated carefully (caution: concentration in vacuo has to
be carried out carefully in order to prevent losses of prod-
uct). The resulting oil was purified by flash chromatography
(hexanes/Et,O 90:10), which afforded 2.16 g (10.0 mmol,
92‘7?Syield) of (S)-2-tert-butyldimethylsilyloxy-3-pentanone
(85).7>¢

4.3. General procedure of titanium-mediated aldol
reactions from ketone 5

4.3.1. Using TiCly. Neat TiCly (0.12 mL, 1.1 mmol) is
added slowly to a solution of ketone 5 (216 mg, 1.0 mmol)
in CH,Cl, (5 mL) at —78 °C under N,. The resulting yellow
mixture is stirred for 3-4 min and i-Pr,NEt (0.19 mL,
1.1 mmol) is added dropwise. The resulting dark red solu-
tion is stirred for 30 min at —78 °C and, after the dropwise
addition of freshly distilled aldehyde (1.5 equiv), stirring is
continued for 30 min at —78 °C. The reaction is quenched
by the addition of satd NH4CI (5 mL) and vigorously stirred
at rt. The mixture is diluted with Et,O, washed with H,O,
satd NaHCOg;, and brine. The aqueous phases are extracted
with Et,O, and the combined organic extracts are dried
(MgS0,4) and concentrated. The resulting oil is analyzed
by 'H NMR or HPLC and purified by flash chromatography
(hexanes/EtOAc or CH,Cl,).

Note—p-nitrobenzaldehyde was added as a solution in
CH,Cl, (0.5 mL+0.5 mL) using 4 mL of solvent for the
enolization. Methacrolein was used as received.

4.3.2. Using Ti(-PrO)Cl;. Freshly distilled Ti(i-PrO),
(83 pL, 0.28 mmol) is added dropwise to a solution of TiCly
(92 pL, 0.84 mmol) in CH,CI, (1 mL) at 0 °C under N,. The
resulting yellow mixture is stirred for 10 min at 0 °C, diluted
with CH,Cl, (1 mL) and stirred for 10 min at rt. Then, the
ensuing colorless solution is added dropwise (it is rinsed
with 2x0.5 mL) via canula for 10—15 min to a solution of
ketone 5 (216 mg, 1.0 mmol) in CH,Cl, (2 mL) at —78 °C
under N,, followed by i-Pr,NEt (0.19 mL, 1.1 mmol). The
resulting dark red solution is stirred for 30 min at —78 °C
and, after the dropwise addition of freshly distilled aldehyde
(1.5 equiv), stirring is continued for 30 min at —78 °C.

The reaction mixture is quenched and worked-up as in the
previous case.

4.3.3. (25,4R,55)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4,6-dimethyl-3-heptanone (10a). Colorless oil;
R=0.2 (hexanes/EtOAc 9:1); [a]p +24.7 (c 0.89, CHCly);
IR (film): » 3530 (br), 1702; 'H NMR (CDCl;, 500 MHz)
6 4.19 (1H, q, J/=7.0, CHOTBS), 3.42 (1H, dd, J=8.8, J=
2.4,CHOH),3.32(1H, qd, J/=7.2,J=2.4, COCHCH3CHOH),
1.72-1.62 (1H, m, CH(CHj),), 132 (3H, d, J=7.0,
CH;CHOTBS), 1.11 (3H, d, J=7.2, COCHCH;CHOH),
1.00 (3H, d, J=6.6, CH3), 0.90 (9H, s, SiC(CH3)3), 0.82
(3H, d, J=6.8, CH3), 0.07 (3H, s, SiCH3), 0.06 (3H,
s, SiCH3); *C NMR (CDCl;, 100.6 MHz) 6 219.8 (C),
76.1 (CH), 74.6 (CH), 41.3 (CH), 30.4 (CH), 25.7 (CH3),
21.4 (CHj3), 19.4 (CH3), 18.8 (CHj3), 18.0 (C), 9.3 (CHj3),
—4.7 (CH3), —5.0 (CH3); HRMS (+FAB): m/z calcd for
[M+H]* Cy5H3305Si: 289.2207; found: 289.2199.

4.3.4. (25,4R,5S5)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4,7-dimethyl-3-octanone (10b). Colorless oil;
R=0.3 (hexanes/EtOAc 9:1); [a]p +2.7 (c 2.1, CHCI3); IR
(film): » 3500 (br), 1720; 'H NMR (CDCl;, 500 MHz)
0 421 (1H, q, J=6.8, CHOTBS), 3.94 (1H, ddd, J=9.3,
J=4.1, J=29, CHOH), 3.08 (1H, qd, J=7.2, J=2.9,
COCHCH;CHOH), 1.85-1.70 (1H, m, CH(CHj3),), 1.55—
1.42 (1H, m, CH,H,), 1.34 (3H, d, J/=6.8, CH;CHOTBS),
1.14 (3H, d, J/=7.2, COCHCH;CHOH), 1.15-1.00 (1H, m,
CH.H,), 0.92 (9H, s, SiC(CH3)3), 0.92 (3H, d, J=6.8,
CH3), 091 (3H, d, J=6.5, CH3), 0.10 (3H, s, SiCH3), 0.09
(3H, s, SiCH;); '3C NMR (CDCl;, 75.4 MHz) 6 219.2,
74.6, 68.8, 44.5, 43.1, 25.7, 24.5, 23.4, 22.0, 21.3, 18.0,
10.1, —4.6, —5.0; HRMS (+FAB): m/z calcd for [M+H]*
C16H3505Si: 303.2355; found: 303.2362.

4.3.5. (25,4R,55)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4-methyl-3-octanone (10c). Colorless oil; Ry=
0.2 (hexanes/EtOAc 9:1); [a]p +9.2 (¢ 1.35, CHCI3); IR
(film): v 3475 (br), 1711; 'H NMR (CDCl;, 500 MHz)
o 4.19 (1H, q, J=6.9, CHOTBS), 3.85-3.80 (1H, m,
CHOH), 3.10 (1H, qd, J=7.2, J=2.8, COCHCH;CHOH),
1.55-140 (2H, m, CHOHCH,), 1.35-1.20 (2H, m,
CH,CH3), 1.31 (3H, d, J/=6.9, CH3;CHOTBS), 1.11 (3H, d,
J=17.2, COCHCH;CHOH), 091 (3H, t, /=7.2, CH,CH5),
0.90 (9H, s, SiC(CH3)3), 0.07 (6H, s, Si(CH3),); '*C NMR
(CDCl3, 754 MHz) 6 219.1, 74.5, 70.6, 44.1, 36.1,
25.7, 21.3, 19.2, 18.0, 14.0, 9.9, —4.7, —5.0; HRMS
(+FAB): m/z caled for [M+H]" C;sH3303Si: 289.2199;
found: 289.2195.

4.3.6. (25,4R,55)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4-methyl-3-hexanone (10d). Colorless oil; R=
0.15 (hexanes/EtOAc 9:1); [a]p +16.8 (¢ 1.0, CHCls); IR
(film): v 3462 (br), 1713; 'H NMR (CDCl;, 300 MHz)
0 4.21 (1H, q, J=6.9, CHOTBS), 4.06 (1H, qd, J=6.4,
J=3.4,CHOH), 3.08 (1H, qd, /=7.2, J=3.4, COCHCHOH),
1.34 (3H, d, J=6.9, CH;CHOTBS), 1.15 (3H, d, J=7.2,
COCHCH;CHOB), 1.15 (3H, d, J=6.4, CHOHCH3), 0.92
(9H, s, SiC(CH3)3), 0.10 (3H, s, SiCH3), 0.09 (3H, s,
SiCH3); '*C NMR (CDCls, 75.4 MHz) 6 218.6, 74.5, 67.1,
45.5, 25.6, 21.1, 20.0, 18.0, 10.2, —4.7, —5.1; HRMS
(+FAB): m/z calcd for [M+H]+ C13H2903Si: 261.1886;
found 261.1892.
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4.3.7. (1R,2R,4S5)-4-tert-Butyldimethylsilyloxy-1-
hydroxy-2-methyl-1-phenyl-3-pentanone (10e). Colorless
oil; Ry=0.15 (hexanes/EtOAc 9:1); HPLC (hexanes/i-PrOH
99:1) tg=5.2 min (minor diastereomer, fg=>5.6 min); [a]p
+4.2 (¢ 1.0, CHCl); IR (film): » 3500 (br), 1713; '"H NMR
(CDCl3, 500 MHz) 6 7.34-7.30 (4H, m, ArH), 7.26-7.21
(1H, m, ArH), 5.03 (1H, d, J=3.7, CHOH), 4.14 (1H,
q, J=6.9, CHOTBS), 3.37 (1H, qd, J=7.2, J=3.7,
COCHCH;CHOH), 1.27 (3H, d, J=6.9, CH;CHOTBS), 1.05
(3H, d, J=7.2, COCHCH3;CHOH), 0.90 (9H, s, SiC(CH3)3),
0.08 (3H, s, SiCH3), 0.06 (3H, s, SiCH5); '*C NMR (CDCls,
75.4 MHz) 6 218.7, 141.7, 128.2, 127.2, 125.9, 74.6, 72.8,
46.9, 25.7, 21.0, 18.0, 10.4, —4.7, —5.0; HRMS (+FAB):
miz caled for [M+H]* C;gH;,03Si: 323.2042; found:
323.2045.

4.3.8. (1R,2R,4S)-4-tert-Butyldimethylsilyloxy-1-
hydroxy-2-methyl-1-(4-nitrophenyl)-3-pentanone (10f).
Colorless oil; Rs=0.30 (CH,Cl,); HPLC (hexanes/EtOAc
97.5:2.5) tg=35.3 min (minor diastereomer, tg=>50.1 min);
[a]lp —0.6 (¢ 1.1, CHCl3); IR (film): v 3512 (br), 1710,
1524, 1349; '"H NMR (CDCl3, 300 MHz) 6 8.25-8.15 (2H,
m, ArH), 7.55-7.45 (2H, m, ArH), 5.17 (1H, br s, CHOH),
423 (1H, q, J/=6.9, CHOTBS), 3.41 (1H, qd, J=7.2, J=
2.9, COCHCH;CHOH), 1.35 (3H, d, J=6.9, CH;CHOTBS),
1.03 (3H, d, J=7.2, COCHCH;CHOH), 0.92 (9H, s,
SiC(CHs)3), 0.11 (6H, s, Si(CH3),); '*C NMR (CDCls,
75.4 MHz) 6 218.8, 149.1, 147.2, 126.7, 123.5, 74.7, 71.9,
46.3, 25.7, 21.4, 18.0, 9.8, —4.6, —5.0; HRMS (+FAB):
mlz caled for [M+H]* C;gH350NOsSi: 368.1893; found:
368.1882.

4.3.9. (1R,2R,4S)-4-tert-Butyldimethylsilyloxy-
1-hydroxy-1-(4-methoxyphenyl)-2-methyl-3-pentanone
(10g). Colorless oil; R;=0.25 (CH,Cl,); [a]p +1.7 (¢ 1.0,
CHCl3); HPLC (hexanes/i-PrOH 99:1) tzg=6.5 min (minor
diastereomer, fg==8.0 min); IR (film): » 3504 (br), 1713;
'"H NMR (CDCl;, 300 MHz) 6 7.28-7.20 (2H, m, ArH),
6.92-6.84 (2H, m, ArH), 4.99 (1H, dd, J=4.0, J=1.8,
CHOH), 4.13 (1H, q, J=6.8, CHOTBS), 3.80 (3H, s,
OCHs3), 3.35 (1H, qd, J=7.1, J=4.0, COCHCH;CHOH),
1.27 (3H, d, J=6.8, CH3;CHOTBS), 1.08 (3H, d, J=7.1,
COCHCH;CHOH), 0.92 (9H, s, SiC(CH3)3), 0.09 (3H, s,
SiCH3), 0.08 (3H, s, SiCHs); '*C NMR (CDCl;, 75.4 MHz)
0 218.5, 158.8, 134.0, 127.1, 113.6, 74.6, 72.6, 55.2,
47.1, 25.7, 20.9, 18.0, 10.8, —4.7, —5.0; HRMS (+FAB):
mi/z caled for [M+H]* C;9H330,4Si: 353.2148; found:
353.2141.

4.3.10. (2S,4R,5R)-2-tert-Butyldimethylsilyloxy-5-hy-
droxy-4,6-dimethyl-6-hepten-3-one (10h). Colorless oil;
R=0.1 (hexanes/EtOAc 94:6); [a]p +12.4 (¢ 1.0, CHCIy);
IR (film): » 3500 (br), 1702, 1653; 'H NMR (CDCls,
500 MHz) 6 5.12-5.09 (1H, m, C=CH,H,), 4.95-
493 (1H, m, C=CH,H,), 432 (1H, br s, CHOH), 4.21
(1H, q, J=6.9, CHOTBS), 3.30 (1H, qd, J=7.2, J=2.8,
COCHCH;CHOH), 1.67-1.65 (3H, m, CH;C=CH,), 1.28
(3H, d, J=6.9, CH;CHOTBS), 1.06 (3H, d, J=7.2,
CH;CHOTBS), 091 (9H, s, SiC(CHs3);3), 0.08 (6H, s,
Si(CHs),); '3C NMR (CDCls, 75.4 MHz) 6 219.2, 143.2,
111.8, 74.6, 73.2, 41.8, 25.7, 21.3, 19.6, 18.0, 9.6, —4.6,
—5.0; HRMS (+FAB): m/z caled for [M+H]* C;5H;3,03Si:
287.2042; found: 287.2035.

4.3.11. (25,4R,5S,6E)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4-methyl-6-octen-3-one (10i). Yellowish oil;
R=0.2 (hexanes/EtOAc 9:1); [a]p —6.3 (¢ 1.3, CHCly);
IR (film): v 3475 (br), 1709, 1640; 'H NMR (CDCls,
500 MHz) ¢ 5.72 (1H, dqd, J=15.7, J=6.5, J=1.2, HC=
CHCH;), 5.44 (1H, ddq, J=15.7, J=6.5, J=1.7, HC=
CHCHy), 4.36-4.32 (1H, m, CHOH), 4.21 (1H, q, J=6.9,
CHOTBS), 3.19 (1H, qd, /=7.2, J=3.8, COCHCH;CHOH),
1.70 (3H, ddd, J=6.5, J=1.7, J=0.9, HC=CHCH;), 1.30
(3H, d, J=6.9, CH;CHOTBS), 1.11 (3H, d, J=7.2,
COCHCH;CHOH), 0.90 (9H, s, SiC(CH3)3), 0.07 (6H, s,
Si(CH3),); '*C NMR (CDCls, 75.4 MHz) 6 217.7, 130.7,
127.7, 74.6, 72.2, 45.2, 25.7, 21.0, 18.0, 17.7, 11.1, —4.6,
—5.0; HRMS (+FAB): m/z calcd for [M+H]* C,sH3,05Si:
287.2042; found: 287.2050.

4.3.12. Hemiacetal from i-PrCHO (11a). Colorless oil;
R=0.6 (hexanes/EtOAc 9:1); [a]p —22.7 (¢ 0.6, CHCly);
IR (film): » 3525, 2957, 2929; 'H NMR (CDCls,
300 MHz) 6 4.84 (1H, d, J=4.5, OCHO), 3.83 (1H, q,
J=6.3, CHOTBS), 3.64 (1H, s, OH), 3.59 (1H, dd, J=9.7,
J=2.0, OCHCH(CHs),), 1.85-1.60 (3H, m, CHCH; and
2xCH(CHs),), 1.13 (3H, d, J=6.0, CH3), 1.03 (3H, d,
J=6.3, CH5), 098 (3H, d, J=6.9, CH3), 0.96 (3H, d,
J=6.9, CH3), 0.93 (9H, s, SiC(CH3)3), 0.89 (3H, d, J=6.6,
CHs), 0.83 (3H, d, /=6.9, CH3), 0.14 (3H, s, SiCH>), 0.12
(3H, s, SiCH;3); '*C NMR (CDCl;, 75.4 MHz) 6 98.5,
98.3, 80.1, 71.2, 33.7, 32.4, 28.7, 25.8, 19.8, 18.1, 17.3,
17.2,16.9, 16.4, 6.9, —4.6, —4.9.

4.3.13. Hemiacetal from CH;CHO (11d). Colorless oil,
Ry=0.5 (hexanes/EtOAc 9:1); [a]p —22.9 (¢ 1.3, CHCly);
IR (film): » 3527, 2933; 'H NMR (CDCls;, 300 MHz)
0 5.27 (1H, q, J=5.2, OCHO), 4.34 (1H, qd, J=6.6,
J=2.1, C(OH)-CHCHCH3), 3.78 (1H, q, /=6.3, CHOTBS),
3.63 (1H, s, OH), 140 (1H, qd, J=6.8, J=2.1,
C(OH)CH(CH5)CH), 1.26 (3H, d, J=5.2, OCH(CH3)0O),
1.13 (3H, d, J/=6.6, C(COH)CHCHCHs), 1.07 (3H, d, /=6.3,
CH5CHOTBS), 0.90 (3H, d, J=6.8, C(OH)CH(CH5)CH),
0.89 (9H, s, SiC(CHs>)3), 0.08 (3H, s, SiCH3), 0.07 (3H, s,
SiCH3); '"H NMR (C¢Dg, 400 MHz) 6 5.41 (1H, q, J=5.2,
OCHO), 4.50 (1H, qd, J=6.5, J=2.2, C(OH)CHCHCH3),
3.79 (1H, q, J=6.2, CHOTBS), 3.64 (1H, s, OH), 1.34 (3H,
d,J=5.2,0CH(CH;)0), 1.31(1H, qd, J=6.8,J=2.2, C(OH)-
CH(CH;3)CH), 1.04 (3H, d, J=6.5, C(OH)CHCHCH3), 1.01
(3H, d, J=6.2, CH;CHOTBS), 0.94 (9H, s, SiC(CH3)3),
0.83 (3H, d, J=6.8, C(OH)CH(CH3)CH), 0.09 (3H, s,
SiCHs), 0.07 (3H, s, SiCH3); '*C NMR (CDCl5, 75.4 MHz)
098.4,91.9, 71.2, 70.1, 36.7, 25.8, 20.7, 18.2, 18.0, 16.7,
6.7, —4.6, —5.1.

4.4. General procedure for TBS removal

A 48% aq solution of HF (3 equiv) is added dropwise to
a 0.2 M solution of aldol 10 in CH;CN at rt. The reaction
mixture is stirred for 1 h and diluted with CH,Cl,. The or-
ganic layer is washed with satd NaHCO;, dried (MgSO,)
and concentrated. The resulting oil is purified by flash chro-
matography (hexanes/EtOAc), which affords dihydroxy
ketones 12 in 74-87% yield.

4.4.1. (25,4R,55)-2,5-Dihydroxy-4,6-dimethyl-3-hepta-
none (12a). Yield: 74%. Colorless oil; R;=0.25 (hexanes/
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EtOAc 60:40); [a]p +69.9 (c 1.5, CHCL,); IR (film): » 3438
(br), 2967, 1708; 'H NMR (CDCls;, 300 MHz) & 4.45
(1H, g, J=7.0, CH;CHOH), 3.58 (1H, dd, J=8.0, J=3.2,
COCHCHOH), 2.99 (1H, qd, J=7.2, J=3.2, COCHCHOH),
1.71 (1H, dhep, J=8.0, J=6.6, CH(CH3),), 1.42 (3H, d,
J=7.0, CH;CHOH), 1.19 (3H, d, J=7.2, COCHCH>), 1.03
(3H, d, J=6.6, CH(CHS),), 0.90 (3H, d, J=6.6, CH(CHS),);
13C NMR (CDCls, 75.4 MHz) 6 217.7, 75.7, 71.2, 42.8,
304, 199, 19.1, 18.7, 104; MS (CI-NH3) m/z:
[M+NH,]*=192 (100).

4.4.2. (1R,2R 45)-1,4-Dihydroxy-2-methyl-1-phenyl-3-
pentanone (12e). Yield: 87%. Colorless oil; R;=0.20 (hex-
anes/EtOAc 60:40); [a]p +42.1 (c 1.1, CHCI,); IR (film): »
3409 (br), 3063, 2979, 1710; 'H NMR (CDCl5, 300 MHz)
0 7.40-7.20 (5H, m, ArH), 5.06 (1H, dd, J=5.4, J=2.2,
CHOHPh), 4.32 (1H, qd, J=7.1, J=5.1, CH;CHOH), 3.35
(1H, d, J=5.1, CH;CHOH), 3.07 (1H, qd, J=7.1, J=5.4,
COCHCH;CHOH), 2.84 (1H, br s, CHOHPh), 1.17 (3H,
d, J=7.1, COCHCH;CHOH), 1.09 (3H, d, J=7.1,
CH;CHOH); '3C NMR (CDCl;, 75.4MHz) ¢ 216.3,
141.7, 128.3, 127.8, 126.1, 73.2, 71.5, 48.6, 19.1, 12.3;
MS (CI-NH3) m/z: [M+NH4]"=226 (100).

4.5. General procedure for oxidation of a-hydroxy
ketones

A mixture of dihydroxy ketone 12 (1 mmol) and NalO4
(1.46 g, 10 mmol) in 2:1 MeOH/H,0 (10 mL) is stirred for
1 h at rt. It is diluted with Et,O (10 mL), cooled to 0 °C,
and 1 M HCI is slowly added to reach pH 1. The mixture
is partitioned with Et,O (10 mL) and H,O (10 mL). The or-
ganic layer is separated and the aqueous layer is thoroughly
extracted with Et,O (4 x 10 mL). The combined ethereal ex-
tracts are dried (MgSQO,) and concentrated. The resulting oil
is purified by flash chromatography (CH,Cl,/MeOH 95:5),
which affords hydroxy acids 13 in 90-95% yield.

4.5.1. (2R,3S)-3-Hydroxy-2,4-dimethylpentanoic acid
(13a). Yield: 90%. Viscous colorless oil; R;=0.10 (CH,Cl,/
MeOH 95:5); [alp +11.4 (¢ 0.65, CHCly) [lit.>¢ [a]p +9.1
(c 2.2, CHCL); 1it.? [a]p +10.8 (¢ 1.0, CHCl,)]; IR (film):
v 3500-2750 (br), 1711; 'H NMR (CDCls;, 300 MHz)
6 6.40 (2H, br s, 2x0H), 3.64 (1H, dd, J=8.1, J=3.6,
CHOH), 2.71 (1H, qd, J=7.1, J=3.6, HOOCCH), 1.73 (1H,
dhep, J=8.1, J=6.7, CH(CH;),), 1.21 (3H, d, J=7.1,
HOOCCHCH3), 1.02 (3H, d, J=6.7, CH;CHCH;), 0.89
(3H, d, J=6.7, CH;CHCHs>); '*C NMR (CDCl,, 75.4 MHz)
0 181.6,76.9, 41.8, 30.6, 19.0, 18.7, 9.7; MS (CI-NH3) m/z:
[M+NH,4]*=164 (100), [M+H]*=147 (16).

4.5.2. (2R,3R)-3-Hydroxy-2-methyl-3-phenylpropanoic
acid (13e). Yield: 95%. White solid; mp=76-77 °C [lit.?°
mp=78-79 °C]; R;=0.10 (CH,Cl,/MeOH 95:5); [alp
+28.8 (¢ 1.0, CHCIy) [lit.* [a]p +28.5 (¢ 1.27, CHCly);
1it.?> [a]p +28.5 (¢ 1.0, CHCI3)]; IR (film): » 3500-2750
(br), 1708; 'H NMR (CDCl;, 300 MHz) & 7.40-7.20 (5H,
m, ArH), 6.40 (2H, br s, 2x0H), 5.17 (1H, d, J=3.9,
CHOH), 2.84 (1H, qd, J=7.1, J=3.9, COCHCH3), 1.15
(3H, d, J=7.1, COCHCH3;); '3C NMR (CDCl3, 75.4 MHz)
0 180.9, 141.0, 128.4, 127.7, 125.9, 73.4, 46.2, 10.3; MS
(CI-NH3) m/z: [M+NH,4]*=198 (100).

4.6. Spectroscopic data for aldol adducts from chiral
aldehydes

4.6.1. (25,4R,5S,6S5)-2-tert-Butyldimethylsilyloxy-7-tert-
butyldiphenylsilyloxy-5-hydroxy-4,6-dimethyl-3-hepta-
none (16). Yellowish oil; R;=0.35 (hexanes/EtOAc 90:10);
[alp +10.4 (c 1.05, CHCI;); IR (film): v 3516 (br), 1702;
'H NMR (CDCl;, 400 MHz) 6 7.70-7.65 (4H, m, ArH),
7.45-7.35 (6H, m, ArH), 4.26 (1H, q, J/=6.8, CHOTBS),
3.89 (1H, dd, J/=9.2, J=2.4, CHOH), 3.81 (1H, dd, J=9.6,
J=4.8, CHH,OTBDPS), 3.74 (1H, dd, J=9.6, /=423,
CH,H,0TBDPS), 3.27 (1H, qd, J=7.2, /=2.4, COCHCHOH),
1.82-1.72 (1H, m, CHCH,OTBDPS), 1.33 (3H, d, J=6.8,
CH;CHOTBS), 1.13 (3H, d, J=7.2, COCH(CH3)CHOH),
1.05 (9H, s, SiC(CHs3)3), 0.92 (9H, s, SiC(CH3)3), 0.91 (3H,
d, J=6.8, CH(CH3)CH,OTBDPS), 0.09 (3H, s, SiCH3),
0.08 (3H, s, SiCH;); ')C NMR (CDCl;, 100.6 MHz)
0 218.4 (C), 135.6 (CH), 133.5 (C), 133.4 (C), 129.6 (CH),
127.6 (CH), 74.4 (CH), 72.6 (CH), 66.9 (CH,), 41.8 (CH),
37.7 (CH), 26.9 (CH3), 25.7 (CH3), 21.3 (CH3), 19.3 (O),
18.0 (C), 13.6 (CH), 9.1 (CH), —4.6 (CH3), —4.9 (CHa);
HRMS (+ESI) calcd for [M+Na]+ C31H5()O4Si2NaZ
565.3140; found: 565.3159.

4.6.2. (2S,4R,5R,65)-2-tert-Butyldimethylsilyloxy-6-tert-
butyldiphenylsilyloxy-5-hydroxy-4-methyl-3-heptanone
(18). Yellowish oil; Rs=0.15 (hexanes/EtOAc 96:4); [a]p
+9.9 (¢ 1.2, CHCly); IR (film): » 3500 (br), 1710; '"H NMR
(CDCl3, 500 MHz) 6 7.75-7.60 (4H, m, ArH), 7.45-7.35
(6H, m, ArH), 4.19 (1H, q, J=6.7, CHOTBS), 3.83 (1H,
dd,J=6.4,J=4.7,CHOH), 3.81-3.76 (1H, m, CHOTBDPS),
3.41 (1H, qd, J=7.0, J=4.7, COCHCHOH), 1.32 (3H, d,
J=6.7, CH;CHOTBS), 1.09 (3H, d, J=7.0, COCH(CH>)-
CHOH), 1.06 (9H, s, SiC(CH3)3), 1.02 (3H, d, J=6.0,
CH(OTBDPS)CHs;), 0.91 (9H, s, SiC(CH3)3), 0.05 (3H, s,
SiCHs), 0.04 (3H, s, SiCH3); '3C NMR (CDCls,
75.4 MHz) 6 217.3 (C), 135.9 (CH), 135.8 (CH), 134.3
(C), 133.2 (C), 129.8 (CH), 129.6 (CH), 127.7 (CH), 127.4
(CH), 75.1 (CH), 74.5 (CH), 69.7 (CH), 41.4 (CH), 27.1
(CH3), 25.8 (CH3), 21.3 (CH3), 19.2 (C), 19.1 (CH3), 18.1
(C), 11.7 (CH3), —4.7 (CH3), —4.8 (CH3); HRMS (+FAB):
calecd for [M+Na]* C5oHy304Si-Na: 551.2989; found:
551.2979.

4.7. Synthesis of hemiacetal 20 from 16

A 0.025 M solution of TBAF-3H,O and AcOH in DMF
(4.3 mL, 108 pmol) was added to a 10 mL round bottom
flask containing 16 (117 mg, 215 umol) and the resulting
mixture was stirred for 3.5 h at rt. Then, it was diluted
with Et,0 (30 mL) and H,O (30 mL), and the organic layer
was washed with brine (25 mL), dried (MgSQO,) and concen-
trated. The residue was purified by flash chromatography
(from hexanes to hexanes/EtOAc 85:15), which afforded
17 mg (56 pmol, 52% yield) of oil. Spectroscopic analysis
of this oil revealed that the main component (9:1 mixture)
was cyclic hemiacetal 20. Colorless oil; R;=0.15 (hexanes/
EtOAc 85:15); IR (film): » 3510 (br), 2931, 1115, 1038,
1014; '"H NMR (Cg¢Ds, 400 MHz) ¢ 3.92 (1H, d, J=10.9,
CHOH), 3.65 (1H, t, J=11.8, CH,H,0), 3.58 (1H, q,
J=6.3, CHOTBS), 3.51 (1H, s, OH), 3.48-3.39 (1H, m,
CHOH), 3.21 (1H, dd, J=11.8, J=5.5, CHH,0), 1.92
(1H, qd, J=7.2, J=2.7, O,CCHCH3), 1.79-1.67 (1H, m,
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CHCH,0), 0.96 (3H, d, J=6.3, CH;CHOTBS), 0.93 (9H, s,
SiC(CH3)3), 0.88 (3H, d, J=6.8, CHCH,CH,0), 0.63 (3H, d,
J=7.2, 0,CCHCH;), 0.07 (3H, s, SiCH3), 0.05 (3H, s,
SiCH;); 'TH NMR (CDCls, 400 MHz) 6 3.94-3.90 (1H, m,
CHOH), 3.71 (1H, t, J=11.8, CH,H,0), 3.70 (1H, s, OH),
3.66 (1H, g, J=6.3, CHOTBS), 3.52-3.45 (1H, m, CHOH),
3.41 (1H, dd, J=11.8, J=5.4, CH,H,0), 2.10-1.90 (2H, m,
2xCHCH3), 1.10 (3H, d, J=6.3, CH,CHOTBS), 0.94 (3H,
d, J=7.1, CHCH,;), 0.88 (9H, s, SiC(CHs)3), 0.88 (3H, d,
J=6.8, CHCHS), 0.07 (3H, s, SiCH5), 0.05 (3H, s, SiCH>);
13C NMR (CDCls, 100.6 MHz) 6 99.0, 75.0, 71.1, 61.4,
37.9,29.1,25.8, 18.2, 17.4, 12.8, 12.7, —4.6, —5.1.

4.8. Synthesis of lactone 22 from 18

A mixture of 18 (201 mg, 0.38 mmol) and 48% aq HF
(45 pL, 1.25 mmol) in CH3CN (4.5 mL) was stirred at 1t
under N, for 45 min. Then, it was diluted with CH,ClI,
(100 mL), washed with satd NaHCOs; (2x50 mL), dried
(Na,S0,), and concentrated. The purification of the residue
by flash chromatography (hexanes/EtOAc 4:1) afforded
133 mg (0.32 mmol, 84%) of (2S,4R,5R,6S)-6-tert-butyldi-
phenylsilyloxy-2,5-dihydroxy-4-methyl-3-pentanone (21).
Next, a mixture of 21 (127 mg, 306 umol) and NalO4
(635 mg, 3 mmol) in MeOH/H,O 2:1 (3.5 mL) was stirred
at rt for 1.5 h, diluted with CH,Cl, (50 mL), and washed
with 0.5 M HCl (2x10 mL). The aqueous layers were ex-
tracted with CH,Cl, (2x 10 mL) and the combined extracts
were dried (Na,SO,) and concentrated, which provided
a brownish oil (123 mg) that was used in the next step with-
out further purification. A mixture of this oil and 48% aq HF
(110 pL, 3.2 mmol) in CH3CN (1.5 mL) was stirred at rt un-
der N, for 60 h. Then, it was diluted with CH,Cl, (100 mL),
washed with satd NaHCO5 (2 x50 mL), dried (Na,SO,), and
concentrated. The residue was purified by flash chromato-
graphy (hexanes/EtOAc 2:1), which afforded 18 mg
(138 pmol, 45% yield over two steps) of (2R,3R,45)-3-hy-
droxy-2,4-dimethylbutyrolactone (22). Brown solid; mp=
59.0-60.5 °C; R=0.10 (hexanes/EtOAc 2:1); [a]p —23.5
(c 1.0, CHCl3); IR (KBr): » 3463 (br), 1746; 'H NMR
(CDCl3, 300 MHz) 6 4.22 (1H, dq, J=7.6, J=6.1, COOCH),
3.76-3.67 (1H, m, CHOH), 2.75 (1H, br s, OH), 2.60 (1H, dq,
J=9.2,J=7.2, CHCOO), 1.46 (3H, d, J=6.1, COOCHCH>),
1.31 (3H, d, J=7.2, OOCCHCH5); '*C NMR (CDCls,
75.4 MHz) 6 176.7, 80.5, 80.0, 43.9, 18.0, 12.5.

Acknowledgements

Financial support from the Ministerio de Ciencia y Tecnolo-
gia and Fondos FEDER (grant BQU2002-01514), from
the Generalitat de Catalunya (2001SGRO0051 and
2005SGR00584), and from Universitat de Barcelona
(ACES-UB 2006), and a doctorate studentship (Universitat
de Barcelona) to J.N. are acknowledged. We also thank the
members of Unitat de RMN d’Alt Camp (UB) for their
helpful assistance.

References and notes

1. (a) Braun, M. Methods of Organic Chemistry (Houben-Weyl).
Stereoselective Synthesis; Helmchen, G., Hoffmann, R. W.,

10.

11.

12.

13.

J. Nebot et al. / Tetrahedron 62 (2006) 11090-11099

Mulzer, J., Schaumann, E., Eds.; Thieme: Stuttgart, 1995;
Vol. E21b, pp 1603-1666; (b) Cowden, C. J.; Paterson, I.
Org. React. 1997, 51, 1-200.

. (a) Heathcock, C. H.; Pirrung, M. C.; Buse, C. T.; Hagen, J. P,;

Young, S. D.; Sohn, J. E. J. Am. Chem. Soc. 1979, 101, 7077—
7079; (b) Heathcock, C. H.; Young, S. D.; Hagen, J. P.; Pirrung,
M. C.; White, C. T.; VanDerveer, D. J. Org. Chem. 1980, 45,
3846-3856; (c) Heathcock, C. H.; Pirrung, M. C.; Lampe, J.;
Buse, C. T.; Young, S. D. J. Org. Chem. 1981, 46, 2290—
2300; (d) Van Draanen, N. A.; Arseniyadis, S.; Crimmins,
M. T.; Heathcock, C. H. J. Org. Chem. 1991, 56, 2499-2506.

. (a) Masamune, S.; Ali, Sk. A.; Snitman, D. L.; Garvey, D. S.

Angew. Chem., Int. Ed. Engl. 1980, 19, 557-558; (b)
Masamune, S.; Choy, W.; Kerdesky, F. A. J.; Imperiali, B.
J. Am. Chem. Soc. 1981, 103, 1566-1568; (c) Masamune, S.;
Hirama, M.; Mori, S.; Ali, Sk. A.; Garvey, D. S. J. Am.
Chem. Soc. 1981, 103, 1568-1571; (d) Masamune, S.; Lu,
L. D. L.; Jackson, W. P.; Kaiho, T.; Toyoda, T. J. Am. Chem.
Soc. 1982, 104, 5523-5526.

. For aldol reactions based on lithium and titanium enolates from

mandelic-derived ketone, see: (a) Siegel, C.; Thornton, E. R.
J. Am. Chem. Soc. 1989, 111, 5722-5728; (b) Choudhury, A.;
Thornton, E. R. Tetrahedron 1992, 48, 5701-5708; (c)
Choudhury, A.; Thornton, E. R. Tetrahedron Lett. 1993, 34,
2221-2224.

. (a) For aldol reactions based on camphor-derived ketones, see:

Palomo, C.; Gonziélez, A.; Garcia, J. M.; Landa, C.; Oiarbide,
M.; Rodriguez, S.; Linden, A. Angew. Chem., Int. Ed. 1998,
37, 180-182; (b) Palomo, C.; Oiarbide, M.; Sharma, A. K.;
Gonzdlez-Rego, M. C.; Linden, A.; Garcia, J. M.; Gonzilez,
A. J. Org. Chem. 2000, 65, 9007-9012.

. For aldol reactions based on L-erythrulose-derived ketones, see:

(a) Carda, M.; Murga, J.; Falomir, E.; Gonzélez, F.; Marco, J. A.
Tetrahedron 2000, 56, 677-683; (b) Murga, J.; Falomir, E.;
Gonzalez, F.; Carda, M.; Marco, J. A. Tetrahedron 2002, 58,
9697-9707; (c) Ruiz, P.; Murga, J.; Carda, M.; Marco, J. A.
J. Org. Chem. 2005, 70, 713-716.

. For lithium- and boron-mediated aldol reactions based on a-

hydroxy ketones derived from 1,3-dioxan-4-yls, see: Hoff-
mann, R. W.; Mas, G.; Brandl, T. Eur. J. Org. Chem. 2002,
3455-3464.

. For a recent review on the reactivity of dihydroxyacetone, see:

Enders, D.; Voith, M.; Lenzen, A. Angew. Chem., Int. Ed. 2005,
44, 1304-1325.

. (a) Evans, D. A.; Urpi, F.;; Somers, T. C.; Clark, J. S.; Bilodeau,

M. T. J. Am. Chem. Soc. 1990, 112, 8215-8216; (b) Evans,
D. A.; Rieger, D. L.; Bilodeau, M. T.; Urpi, E. J. Am. Chem.
Soc. 1991, 113, 1047-1049.

Paterson, I.; Wallace, D. J.; Velazquez, S. M. Tetrahedron Lett.
1994, 35, 9083-9086; (b) Paterson, I.; Wallace, D. J.; Cowden,
C. J. Synthesis 1998, 639-652.

Trost had already established the potentiality of lactate-derived
methyl ketones in Mukaiyama aldol reactions: Trost, B. M.;
Urabe, H. J. Org. Chem. 1990, 55, 3982-3983.

Liotta had also reported that lithium and sodium enolates from
alanine-derived ketones produce highly stereoselective aldol
processes, see: (a) Lagu, B. R.; Crane, H. M.; Liotta, D. C.
J. Org. Chem. 1993, 58, 4191-4193; (b) Goh, J. B.; Lagu,
B. R.; Waurster, J.; Liotta, D. C. Tetrahedron Lett. 1994, 35,
6029-6032; For boron-enolate counterparts, see: (c) Paterson,
L.; Mackay, A. C. Tetrahedron Lett. 2001, 42, 9269-9272.

For a recent and comprehensive application of stereoselective
aldol reactions based on ketones 3 and 4 to the synthesis of



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

J. Nebot et al. / Tetrahedron 62 (2006) 11090-11099

natural products, see: Crossman, J. S.; Perkins, M. V. J. Org.
Chem. 2006, 71, 117-124.

Denmark, S. E.; Fujimori, S.; Pham, S. M. J. Org. Chem. 2005,
70, 10823-10840.

(a) Martin, R.; Pascual, O.; Romea, P.; Rovira, R.; Urpi, F;
Vilarrasa, J. Tetrahedron Lett. 1997, 38, 1633-1636; (b)
Martin, R.; Romea, P.; Tey, C.; Urpi, E; Vilarrasa, J. Synlett
1997, 1414-1416; (c) Ferrero, M.; Galobardes, M.; Martin,
R.; Montes, T.; Romea, P.; Rovira, R.; Urpi, F.; Vilarrasa, J.
Synthesis 2000, 1608-1614.

For titanium-mediated aldol reactions based on chiral ketones,
see: (a) Figueras, S.; Martin, R.; Romea, P.; Urpi, F.; Vilarrasa,
J. Tetrahedron Lett. 1997, 38, 1637-1640; (b) Esteve, C.;
Ferrer6, M.; Romea, P.; Urpi, F.; Vilarrasa, J. Tetrahedron
Lett. 1999, 40, 5079-5082; (c) Esteve, C.; Ferrerd, M.;
Romea, P.; Urpi, F.; Vilarrasa, J. Tetrahedron Lett. 1999, 40,
5083-5086; (d) Solsona, J. G.; Romea, P.; Urpi, F.; Vilarrasa,
J. Org. Lett. 2003, 5, 519-522; (e) Solsona, J. G.; Romea, P.;
Urpi, E. Tetrahedron Lett. 2004, 45, 5379-5382; (f) Solsona,
J. G.; Nebot, J.; Romea, P.; Urpi, F. J. Org. Chem. 2005, 70,
6533-6536.

For boron-mediated aldol reactions based on lactate-derived
chiral ketones, see: (a) Galobardes, M.; Gascon, M.; Mena,
M.; Romea, P.; Urpi, F; Vilarrasa, J. Org. Lert. 2000, 2,
2599-2602; (b) Galobardes, M.; Mena, M.; Romea, P.; Urpi,
F.; Vilarrasa, J. Tetrahedron Lett. 2002, 43, 6145-6148; (c)
Galobardes, M.; Gascon, M.; Romea, P.; Urpi, F. Lett. Org.
Chem. 2005, 2, 312-315.

For applications to the synthesis of natural products, see: (a)
Solsona, J. G.; Romea, P.; Urpi, F. Org. Lett. 2003, 5, 4681—
4684; (b) Solsona, J. G.; Nebot, J.; Romea, P.; Urpi, F.
Synlett 2004, 2127-2130; (c) Larrosa, I.; Romea, P.; Urpi, F.
Org. Lett. 2006, 8, 527-530.

For preliminary communications, see: Refs. 16a and 18b.

For a similar procedure, see: Denmark, S. E.; Pham, S. M. Org.
Lett. 2001, 3, 2201-2204.

TiCls-mediated aldol reaction involving isobutyraldehyde and
benzaldehyde (1.2 equiv) for 10 min afforded 10a and 10e in
77% and 64% yield, respectively.

The corresponding aldol reactions in the case of benzaldehyde
(1.2 equiv) afforded 77% and 74% yield when the enolizations
were carried out with TiCl, and Ti(i-PrO)Cl;, respectively.
Heathcock, C. H. Asymmetric Synthesis; Morrison, J. D., Ed.;
Academic: New York, NY, 1984; Vol. 3, Chapter 2, pp 111-
212.

For a recent discussion on aldol stereostructural assignments,
see: Kitamura, M.; Nakano, K.; Miki, T.; Okada, M.; Noyori,
R. J. Am. Chem. Soc. 2001, 123, 8939-8950.

Palomo, C.; Oiarbide, M.; Gémez-Bengoa, E.; Mielgo, A;
Gonzalez-Rego, M. C.; Garcia, J. M.; Gonzaélez, A.; Odriozola,
J. M.; Banuelos, P.; Linden, A. ARKIVOC 2005, 377-392.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

11099

(a) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew.
Chem., Int. Ed. Engl. 1985, 24, 1-30; (b) Kolodiazhnyi, O. I.
Tetrahedron 2003, 59, 5953-6018.

Roush, W. R.; Palkowitz, A. D.; Ando, K. J. Am. Chem. Soc.
1990, /12, 6348-6359.

Massad, S. K.; Hawkins, L. D.; Baker, D. C. J. Org. Chem.
1983, 48, 5180-5182.

Evans, D. A.; Dart, M. J.; Duffy, J. L.; Rieger, D. L. J. Am.
Chem. Soc. 1995, 117, 9073-9074.

Reactions summarized in Scheme 2 were carried out following
the procedure described in Section 4 (5/TiL,/i-ProNEt/
aldehyde 1:1.1:1.1:1.5) with longer enolization and reaction
times (1.5 h and 1 h, respectively).

Higashibayashi, S.; Shinko, K.; Ishizu, T.; Hashimoto, K.;
Shirahama, H.; Nakata, M. Synlett 2000, 1306—1308.

Shao, M.-Y.; Sheen, W.-S.; Gau, H.-M. Inorg. Chim. Acta
2001, 314, 105-110.

(a) Piana, S.; Devillers, I.; Togni, A.; Rothlisberger, U. Angew.
Chem., Int. Ed. 2002, 41,979-982; (b) Itoh, Y.; Yamanaka, M.;
Mikami, K. J. Am. Chem. Soc. 2004, 126, 13174-13175.

(a) Crimmins, M. T.; King, B. W.; Tabet, E. A. J. Am. Chem.
Soc. 1997, 119, 7883-7884; (b) Kimball, D. B.; Michalczyk,
R.; Moody, E.; Ollivault-Shiflett, M.; De Jesus, K.; Silks,
L. A, IIl. J. Am. Chem. Soc. 2003, 125, 14666-14667.

For structural studies on six-coordinate titanium complexes,
see: (a) Cozzi, P. G.; Solari, E.; Floriani, C.; Chiesi-Villa,
A.; Rizzoli, C. Chem. Ber. 1996, 129, 1361-1368; (b) Gau,
H.-M.; Lee, C.-S.; Lin, C.-C.; Jiang, M.-K.; Ho, Y.-C.; Kuo,
C.-N. J. Am. Chem. Soc. 1996, 118, 2936-2941; For a recent
review on titanium complexes in enantioselective synthesis,
see: (¢) Ramén, D. J.; Yus, M. Chem. Rev. 2006, 1006,
2126-2208.

(a) Bernardi, A.; Capelli, A. M.; Comotti, A.; Gennari, C.;
Gardner, M.; Goodman, J. M.; Paterson, 1. Tetrahedron 1991,
47, 3471-3484; (b) Bernardi, A.; Gennari, C.; Goodman,
J. M.; Paterson, 1. Tetrahedron: Asymmetry 1995, 6, 2613—
2636.

Roush, W. R. J. Org. Chem. 1991, 56, 4151-4157.

For a review on models for 1,2-induction, see: Mengel, A.;
Reiser, O. Chem. Rev. 1999, 99, 1191-1223.

Adoption of the Felkin—anti-Felkin nomenclature does not
imply any theoretical model.

For recent studies on the stereochemical bias imparted by
o-hydroxy aldehydes, see: (a) Gung, B. W.; Xue, X.
Tetrahedron: Asymmetry 2001, 12, 2955-2959; (b) Evans,
D. A.; Siska, S. J.; Cee, V. J. Angew. Chem., Int. Ed. 2003,
42, 1761-1765; (c) Marco, J. A.; Carda, M.; Diaz-Oltra, S.;
Murga, J.; Falomir, E.; Roeper, H. J. Org. Chem. 2003, 68,
8577-8582; (d) Cee, V. J.; Cramer, C. J.; Evans, D. A. J. Am.
Chem. Soc. 2006, 128, 2920-2930; (e) Evans, D. A.; Cee,
V. J.; Siska, S. J. J. Am. Chem. Soc. 2006, 128, 9433-9441.



	Stereoselective titanium-mediated aldol reactions of (S)-2-tert-butyldimethylsilyloxy-3-pentanone
	Introduction
	Results and discussion
	Conclusions
	Experimental
	General
	Preparation of (S)-2-tert-butyldimethylsilyloxy-3-pentanone (5)
	(S)-2-tert-Butyldimethylsilyloxy-N-methoxy-N-methylpropanamide (9)
	(S)-2-tert-Butyldimethylsilyloxy-3-pentanone (5)

	General procedure of titanium-mediated aldol reactions from ketone 5
	Using TiCl4
	Using Ti(i-PrO)Cl3
	(2S,4R,5S)-2-tert-Butyldimethylsilyloxy-5-	hydroxy-4,6-dimethyl-3-heptanone (10a)
	(2S,4R,5S)-2-tert-Butyldimethylsilyloxy-5-	hydroxy-4,7-dimethyl-3-octanone (10b)
	(2S,4R,5S)-2-tert-Butyldimethylsilyloxy-5-	hydroxy-4-methyl-3-octanone (10c)
	(2S,4R,5S)-2-tert-Butyldimethylsilyloxy-5-	hydroxy-4-methyl-3-hexanone (10d)
	(1R,2R,4S)-4-tert-Butyldimethylsilyloxy-1-	hydroxy-2-methyl-1-phenyl-3-pentanone (10e)
	(1R,2R,4S)-4-tert-Butyldimethylsilyloxy-1-	hydroxy-2-methyl-1-(4-nitrophenyl)-3-pentanone (10f)
	(1R,2R,4S)-4-tert-Butyldimethylsilyloxy-	1-hydroxy-1-(4-methoxyphenyl)-2-methyl-3-pentanone (10g)
	(2S,4R,5R)-2-tert-Butyldimethylsilyloxy-5-hydroxy-4,6-dimethyl-6-hepten-3-one (10h)
	(2S,4R,5S,6E)-2-tert-Butyldimethylsilyloxy-5-	hydroxy-4-methyl-6-octen-3-one (10i)
	Hemiacetal from i-PrCHO (11a)
	Hemiacetal from CH3CHO (11d)

	General procedure for TBS removal
	(2S,4R,5S)-2,5-Dihydroxy-4,6-dimethyl-3-heptanone (12a)
	(1R,2R,4S)-1,4-Dihydroxy-2-methyl-1-phenyl-3-pentanone (12e)

	General procedure for oxidation of alpha-hydroxy ketones
	(2R,3S)-3-Hydroxy-2,4-dimethylpentanoic acid (13a)
	(2R,3R)-3-Hydroxy-2-methyl-3-phenylpropanoic acid (13e)

	Spectroscopic data for aldol adducts from chiral aldehydes
	(2S,4R,5S,6S)-2-tert-Butyldimethylsilyloxy-7-tert-butyldiphenylsilyloxy-5-hydroxy-4,6-dimethyl-3-heptanone (16)
	(2S,4R,5R,6S)-2-tert-Butyldimethylsilyloxy-6-tert-butyldiphenylsilyloxy-5-hydroxy-4-methyl-3-heptanone (18)

	Synthesis of hemiacetal 20 from 16
	Synthesis of lactone 22 from 18

	Acknowledgements
	References and notes


