Angewandte

Communications

Synthetic Methods

DOI: 10.1002/anie.201300102

The Supersilyl Group as a Carboxylic Acid Protecting Group:
Application to Highly Stereoselective Aldol and Mannich Reactions**
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Historically, silyl groups have rarely been utilized as a pro-
tecting group for carboxylic acids in organic synthesis, as the
Si—O bonds are too labile even under mild reaction con-
ditions."?! Similarly, the employment of silyl esters in
synthetically useful organic transformations has also been
underrepresented.!?) As part of our continuing studies on the
tris(trialkylsilyl)silyl (supersilyl) group, we have developed
the supersilyl directed aldol reactions of p-siloxymethyl
ketones and cascade Mukaiyama aldol reactions, which
enabled the rapid assembly of polyol motifs and expedient
synthesis of polyketide natural products.”) The supersilyl
group, with unique electronic properties and large steric bulk,
has been discovered to play a crucial role in obtaining high
yields and selectivities.’! Encouraged especially by the
stability and steric encumbrance of supersilyl ether motifs,
we reasoned that the supersilyl group might be able to offer
the necessary robustness for silyl esters as it is well-known
that the stability of silyl esters, like that of silyl ethers,
parallels the steric bulk of the silyl group.!! Herein, we are
glad to report our initial efforts toward the low stability
problems of silyl esters described above: 1)the use of
supersilyl group as a highly effective carboxyl protection
group; and 2) the exemplificative application of supersilyl
esters as stable synthetic equivalents of carboxylic acids in
highly stereoselective aldol and Mannich reactions.

The installation of the supersilyl group could be simply
achieved by treatment of carboxylic acids with tris(triethylsi-
lyl)silyl triflate (generated in situ by mixing the silane with
triflic acid) in the presence of imidazole [Scheme 1, Eq. (1)].1
It is worth mentioning that the obtained silyl esters are UV-
active owing to the supersilyl group (allowing for straightfor-
ward TLC analysis even when the R group is aliphatic)® and
stable for purification by chromatography. Our preliminary
efforts made to evaluate the stabilities of supersilyl esters
toward various reagents implied that the model substrate 1 fis
stable to excess MeMgBr, nBuLi, DIBAL-H, and LiIHMDS
(Table 1).%7 Like most known carboxyl protecting groups,
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RCOOH  imidazole (1.1 equiv)  RCOOSi
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SiOTf  DMF/CH,Cl, 1:1 oy ™M

(1equiv) gog to RT

1a: R= PhCH=CH 1b: R= CH4CH, 1c: R= CH3CH,CH, 1d: R= PhCH,0
1e: R= CH,=CH(CHj3), 1f: R= Ph(CH,); 1g: R= PhCH,

i . Bu
BuL " i
o, -COOS % Ph)\/COOSi 1h yield: 86% )
1a .

"Supersilyl" group
Si: tris(triethylsilyl)silyl

Scheme 1. Supersilyl ester synthesis and the 1,4-addition reaction.

this silyl group failed to offer protection against MeLi owing
to the rapid formation of methylated silane. Remarkably,
treating 1a with nBuLi at —78°C only led to the conjugate
addition product 1g while the carboxyl group remained intact
[Eq. (2)].1® These results clearly showed that the supersilyl

Table 1: Investigation of the stability of supersilyl esters.

Reagents 1f(0.1m)

MeMgBr No nucleophilic attack and silane methylation observed
(2 equiv) (—78°C to RT)

Meli Rapid formation of methylated silane observed

(2 equiv) at —78°C

DIBAL-H No reduction of carboxyl functionality observed

(2 equiv) (—78°C to RT)

LiHMDS No decomposition and deprotonation observed

(2 equiv) (—78°C to RT)

nBulLi No nucleophilic attack and silane alkylation observed
(2 equiv) Enolate formation observed (—78°C to —20°C)

[a] DIBAL-H =diisobutylaluminum hydride, HDMS = hexamethyldisila-
zide.

group confers extraordinary protection upon the carboxyl
functionality. Such unprecedented stability of silyl esters may
offer a high degree of synthetic flexibility and even an exciting
possibility for new synthetic strategies, which thus prompted
us to explore their applications in organic transformations.
Even though the carboxyl moiety is well-protected by the
supersilyl group, deprotonation at the a-position is still
effective. Reaction of 1b with nBuLi at —78°C followed by
quenching with D,O gave the deuterium-substituted product
in quantitative yield with more than 95% deuterium incor-
poration.” This promising result led us to first investigate the
reactivity of stable supersilyl ester enolates. Undoubtedly, one
of the most straightforward strategies for synthesizing {3-
amino/hydroxy carboxylic acid derivatives is the stereoselec-
tive aldol®!” or Mannich""'? reaction of metal enolates with
aldehydes or imines, respectively. As these compounds are
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privileged structural motifs for biologically active molecules
and natural products, such as peptides!'” (dolastatin D) and
polyketides!"! (erythromycin A), the development of alter-
native synthetic methods is still highly desirable (Figure 1).
Notably, the employment of silyl groups as carboxylic acid
donor groups in stereoselective metal enolate C—C bond
formation reactions has never been explored to date.

S\

Figure 1. Dolastatin D and erythromycin A.

To our delight, the model reaction of the lithium enolate
of 1b and benzaldehyde in THF gave A1 with good yield and
syn selectivity (Table 2, entry 1). Other bases, including LDA,

Table 2: Optimization of reaction conditions.

OH
~ RM(1.05 equiv) PhCHO (1.1 equiv) COOSi
/\C1ObOSI solvent -78°C, 2 h solvent, -78°C Ph)\'&/
Si: tris(triethylsilylsilyl e Al
Entry Reagent® Solvent Yield [96]" syn/anti
1 nBulLi THF 90 95:5
2 LDA THF 60 80:20
3 LiIHMDS THF N.R. N.D.
4 KHMDS THF N.R. N.D.
5 tBulLi THF 90 95:5
6 nBuMgCl THF N.R. N.D.
7 nBulLi Et,O 20 75:25
8 nBuli Toluene trace N.D.
9 nBulLi/TMEDA THF 85 84:16
10 nBulLi/HMPA THF 82 33:67
11 nBuli THF trace N. D.
120 nBuli THF 91 75:25
13f nBuli THF 86 99:1

[a] Yield of isolated product. [b] LDA = lithium diisopropylamide,
HDMS = hexamethyldisilazide, TMEDA = N,N,N’,N’-tetramethylethyle-
nediamine, HMPA = hexamethylphosphoramide. [c] Determined by
'H NMR of crude products. [d] The triisopropylsilyl (TIPS) group was
used. [e] Temperature: —40°C. [f] Lithiation time: 24 h.

LiHMDS, rBuLi, KHMDS, and nBuMgClI were also screened;
only the rBuLi offered comparable results (entries 2—6).1"!
Switching the solvent to toluene or diethyl ether proved to be
detrimental to the yield and selectivity, implying the impor-
tance of THF coordination to lithium (entries 7-8). A
decreased or even reversed selectivity was observed when
TMEDA or HMPA was employed as the additive (entries 9
10). The control experiment with the TIPS group gave only
trace amounts of the aldol product while the rest of starting
materials decomposed at —78°C (entry 11). Further optimi-
zation revealed that raising the temperature to —40°C failed

Angew. Chem. Int. Ed. 2013, 52, 7198 —7202

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

to improve the results (entry 12). Despite careful screening,
increasing lithiation time was finally found to be critical for
obtaining high syn selectivity (entry 13)."

A variety of substrates were then investigated under the
optimized reaction conditions (Table 3). The aromatic alde-
hydes with both electron donating and withdrawing groups,

Table 3: Substrates scope for aldol reaction.
nBuli (1.05 equiv) RZCHO (1.1 equiv) OH

R'"coosi THF, -78°C THF, -78°C R? coosi
1b-te Si tris(triethylsilyl)silyl R! A1-A29

Entry R' R? Yield [96] Syn:anti®
1 Me Ph 86 99:1
2 Me 2-MeCeH, 75 99:1
3 Me 2-FCeH, 74 99:1
4 Me 3-MeC¢H, 86 99:1
5 Me 3-MeOC.H, 83 99:1
6 Me 3-BrCH, 90 99:1
7 Me 4-MeCgH, 95 99:1
8 Me 4-FCH, 89 99:1
9 Me 4-BrC¢H, 87 99:1
10 Me 4-CF,CeH, 77 99:1
11 Me 4-MeOCH, 89 99:1
12 Me t-butyl 90 97:3
13 Me ethyl 88 95:5
14 Me cyclopropyl 87 97:3
15 Me c-hexyl 90 99:1
16 Me n-C;His 86 98:2
17 Me cinnamyl 93 99:1
18 Me phenylacetylenyl 85 95:5
19 Me BnOCH, 90 92:8
20 Me 1-naphthyl 70 98:2
21 Me 2-naphthyl 83 99:1
22 Me 2-furyl 70 99:1
23 Me 2-thienyl 79 99:1
24 Me N-tosylindol-3-yl 65 99:1
25 Me acetophenone 66 95:5
26 Et Ph 85 97:3
27 BnO Ph 80 90:10
28 Allyl Ph 72 90:10
29 Bn Ph 86 86:14

[a] Yield of isolated product. [b] Determined by 'H NMR spectroscopy of
the crude products.

possessing various substitution patterns on the phenyl ring,
gave the aldol products with good yields and selectivities
(entries 1-11). Subjection of the aliphatic aldehydes to
standard conditions also provided the desired products in
excellent selectivities (entries 12-16). Furthermore, conju-
gated aldehydes were suitable substrates to solely give 1,2-
addition products (entries 17 and 18). When the a-oxygen-
ated aldehyde was examined, the aldol reaction proceeded
effectively to give the polyol product in 90% yield and 95:5
syn selectivity (entry 19). Aldehydes bearing either hetero-
cycles or naphthyl rings were also well-tolerated, delivering
aldol products with slightly lower yields (entries 20-24).
Essentially, the acetophenone was used as the electrophile,
which led to the product with contiguous tertiary and
quaternary carbon centers (entry 25). Further exploration of
silyl esters 1b—1e with diverse R! groups also provided the
aldol products with good syn selectivities (entry 26-28). Even
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1g, with a bulky benzyl substituent, could be deprotonated to
form the stable enolate, giving the desired product with
moderate stereoselectivity (entry 29).

Next, the Mannich reactions with various N-diphenyl-
phosphinyl (N-DPP) imines were evaluated (Table 4)." In all
reactions of the aromatic imines, excellent stereoselectivities

Table 4: Substrate scope for Mannich reaction.
NHDPP

NHDPP
R1™Ncoogi BuLi(105equiv) - R? (1.1 equiv) COO0Si
1o 1e Si:-l—t:z(,trii?h)?lsinI)sinlTHF’ ee R' M1-M20
Entry R! R? Yield [%]® syn/anti®
1 Me Ph 88 99:1
2 Me 2-MeCgH, 83 99:1
3 Me 2-FC(H, 70 97:3
4 Me 3-MeC,H, 79 99:1
5 Me 3-MeOC¢H, 78 99:1
6 Me 3-BrC,H, 91 99:1
7 Me 4-MeCgH, 77 98:2
8 Me 4-CF,CgH, 85 99:1
9 Me 4-BrCH, 89 99:1
10 Me 4-MeOC,H, 81 98:2
11 Me cinnamyl 89 97:3
12 Me phenylacetylenyl 75 91:9
13 Me isopropyl 79 93:7
14 Me cyclopropyl 80 97:3
15 Me tert-butyl 92 95:5
16 Me 1-naphthyl 68 99:1
17 Me 2-naphthyl 87 99:1
18 Me 2-furyl 80 97:3
19 Me 2-thienyl 72 99:1
20 Et Ph 80 97:3

[a] Yield of isolated product. [b] Determined by 'H NMR spectroscopy of
the crude products.

were achieved, while both electron-donating and -withdraw-
ing groups had little impact (entries 1-10). The reactions of
conjugated imines exclusively gave the 1,2-addition products
(entries 11-12). Aliphatic imines with and without enolizable
a-hydrogen atoms all reacted with silyl ester enolates
effectively (entries 13-15). For imines bearing naphthyl
rings, the Mannich reactions all occurred with high selectiv-
ities (entries 16 and 17). Notably, heteroaryl-substituted
amino acids, widely present in molecules with promising
biological activities, could be constructed by this procedure in
excellent stereoselectivities from heteroaromatic imines, such
as furyl imines and thienyl imines (entries 18 and 19).1%
Reaction of 1c¢ also gave the desired P-aminosilyl ester
product with high syn selectivity (entry 20).

To address the synthetic utility of this procedure, desily-
lation methods were studied. Along with commonly used
fluoride methods (TBAF, HF/Py) for the removal of silyl
groups, an environmentally friendly photodesilylation con-
dition was established.'"! Simple exposure of the supersilyl
esters to 254 nm light from UV lamps for laboratory use could
remove this unique silyl group in high efficiency (Scheme 2).
Given the significance of polyketides in medicinal chemis-
try," we recognized another attractive prospect might be the
rapid synthesis of polyketide subunits with carboxyl function-
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OH - OH

Conditions
Ph)\l/coA?Sf = Ph/'\l/COOH c1

Si: tris(triethylsilyl)silyl ~ A: hv (254 nm), MeOH, quartz tube, RT, 12 h
Conditions: . Yield: 80%
B: HF/Py (1.2 equiv), THF, 0°C, 1 h Yield: 85%
C:TBAF (1.2 equiv), THF, 0°C, 2 h  Yield: 70%

NHDPP - NHDPP
o coos;j Condition A _ COOH C2
M1 Yield: 76%

Scheme 2. Deprotection methods.

alities. B-Siloxy aldehydes obtained by cascade Mukaiyama
aldol reactions® were thus used to react with these silyl ester
enolates, providing the desired polyketide analogues in good
yields and selectivities (Scheme 3).

(TMS)SIO O (TMS):SIO  OH
r;B(L)JIS_i ; tBu ~"H tBu COOSi
/\COOSf(' equiv) (1.1equiv) A30
1b THF,-78°C  THF,-78°C Yield: 78% d.r. 97:3(
Si: tris(triethylsilyl)silyl _
(TMS);Si0  OSi(TMS), S'(TMS)ss_ .
nBuLi CHO S o IC()LM )3
(1.05 equiv) {BY (1tequiv
~7>C00si Aeq - 005
THF, -78°C  THF, -78°C
Yield: 67% ] A31

Scheme 3. Rapid synthesis of polyketide subunits. [a] Determined by
"H NMR spectroscopy of the crude product. [b] Yields for the major
diastereomer. d.r. could not be determined by the '"H NMR analysis.

Finally, the bulky aryl ester reported by Heathcock
et al.l'%! were examined for the Mannich reaction. The anti
product was obtained instead. Therefore, we concluded that
our method is a complementary approach, favouring syn-
selective products for aldol and Mannich reactions. With
a more advantageous deprotection procedure, this method is
also expected to be as broadly utilized in natural product
synthesis as Heathcock’s method (Scheme 4).

up to >98:2 anti

_PnCHO_ Ph/'\/COOA’ selectivity! 0]
THE . THF :
-78 °C -78 °C -

ofBu NHDPP NHDPP
LDA _ pp , )\/COOA M21
(e} THF THE Ph T anti-selective
tBu  -78°C 78°C Yield: 71% d.r. 98:2

Scheme 4. anti-Selective aldol and Mannich reaction of esters.

To shed light on the mechanism, DFT calculations were
carried out to unveil the configuration of supersilyl ester
enolates (Figure 2).["" Computation results suggested that the
solvated Z-enolate of 1b is more stable than its solvated E-
enolate. Three THF molecules were coordinated to the
lithium center. Based on the observed stereochemical infor-
mation of aldol products, the sense of induction could not be
rationalized by invoking the six-membered Zimmerman-—
Traxler-type transition state as suggested for the similar
addition of ester enolates to aldehydes."®!7 Instead, the
observed syn selectivity might originate from an anti-clinal
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Figure 2. a) Calculated Z-enolate configuration and b) proposed transi-
tion state.

open transition state where the smallest aldehydic hydrogen is
oriented over the bulky silyl group to minimize serious steric
interactions.">"”] Low diastereoselectivity obtained by the
addition of HMPA might be the result of the destabilization
of solvated enolates through the replacement of coordinated
THF molecules.

In summary, we have introduced the application of the
supersilyl group as an effective carboxyl protection group.
The exceptional properties of the supersilyl group enabled it
to outperform typical carboxyl protecting groups, especially
for protection against the organometallic reagents. Moreover,
supersilyl esters with outstanding stabilities were used as the
innovative synthetic equivalents of carboxylic acids for the
first time in highly stereoselective aldol and Mannich
reactions, which allowed for the rapid synthesis of a-branched
B-amino/hydroxy carboxylic acid derivatives in uniformly
good yields and diastereoselectivities. The value of this
method has been highlighted by the efficient photodeprotec-
tion procedure and its applications in rapid synthesis of
polyketide subunits. This new supersilyl carboxyl protection
group is expected to be of broad utilities in organic synthesis.
Future work will focus on discovering new reactivity of
supersilyl esters.
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