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Abstract: Pentafluorophenylammonium trifluoro-
methanesulfonimide (C¢FsN*tH;-NTf,”) promotes
Mukaiyama aldol and Mannich reactions using
ketene silyl acetals with ketones and oxime ethers,
respectively. The present robust method is mild, but
powerful enough to utilize less accessible electro-
philes such as enolizable ketones and oxime ethers
to produce a variety of B-hydroxy esters and [-alk-
oxyamino esters, respectively. Mechanistic investi-
gation revealed in situ generation of trimethylsilyl
bistriflimide [Tf,N(TMS)], the truly active catalyst,
which was supported by rational "H NMR measure-
ments.

Keywords: ketene silyl acetals; ketones; Mannich
addition; Mukaiyama aldol addition; oxime ethers;
pentafluorophenylammonium trifluoromethanesul-
fonimide

Catalytic aldol and Mannich additions are well-recog-
nized as fundamental and pivotal C—C bond forming
reactions for the preparation of the ubiquitous p-hy-
droxy and f-amino carbonyl core building blocks
found in natural products and pharmaceuticals.'! Due
to the intrinsic lower reactivity of ketones and reversi-
ble retro-aldol tendency, only a few reports have ap-
peared with regard to cross-aldol reactions between
different ketones or between ketones and carbonyl
equivalents, such as enol silyl ethers and ketene silyl
acetals (KSA).”! Ishihara’s group recently reported a
notable Lewis base-catalyzed Mukaiyama aldol addi-
tion of KSAs with non-enolizable ketones to give the
corresponding f3,3-disubstituted B-hydroxy esters (ter-
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tiary aldols).” There are two related methods for
direct cross-aldol reaction between different ketones
using stoichiometric Lewis acids, Sn(OTf),"! and
TiCl,,”) wherein strong metal chelate formation drives
the aldol addition between different ketones.

In connection with our long-standing interests in
the development of Ti- (or Zr-) Claisen condensa-
tions,'® relevant aldol” and Mannich reactions,®! we
report herein the pentafluorophenylammonium tri-
fluoromethanesulfonimide (triflylimide) (C4FsN*TH;-
NTf,7) [true catalyst is TE,N(TMS), generated in situ]-
catalyzed Mukaiyama aldol reaction between KSAs
and ketones, and Mannich reaction between KSAs
and oxime ethers (Scheme 1).

The initial attempt was guided by the reaction be-
tween KSA 1a and the significantly less reactive 4-
heptanone using several acid catalysts (Table 1). As
expected, the reaction did not proceeded in the ab-
sence of a catalyst (entry 1). Use of CSA (camphor-
sulfonic acid) and PPTS (pyridinium p-toluenesulfo-
nate), as well as TMSOT( and pentafluorophenylam-
monium triflate (PFPAT; C,FsN*H;OTf "), resulted
in almost no reaction (entry?2). Tf,NH and Tf,N-
(TMS) catalysts have attracted considerable attention
for their use in aldol and Diels—Alder reactions due
to their super acidity.'”! Indeed, the reaction using the
TE,NH or Tf,N(TMS) catalyst!'™ afforded the desired
aldol adduct 2a, but this result proved difficult to re-
produce with constant results (entry 3). The difficulty
is considered to be attributed to the hygroscopic and
sublimation properties of these catalysts for the pres-
ent case, which requires both high reactivity and ro-
bustness. To overcome this problem, stable and easily
handled ammonium salts of Tf,NH were screened.
Although pyridinium and diphenylammonium salts
were not effective, the highly acidic but significantly
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Scheme 1. C;FsN*H;-NTf, -catalyzed Mukaiyama aldol and Mannich reactions.

Table 1. Screening of acid catalysts.
(0]

A~ A

catalyst (5 mol%)/toluene, OoX O
-50to-45°C,1h
+ OMe
OTMS
OMe X=HorTMS
1a
(1.5 equiv.)
Entry Catalyst Yield [% ]
1 none trace
2 CSA, PPTS, TMSOTS, PFPAT®  trace
3 Tf,NH, Tf,N(TMS) trace—ca. 30!
4 PyH*NTf,”, PhANH,*NTf," trace
5 C¢FsN*tH,-NTf,~ 75-77

[} Conversion determined by 'H NMR.
b C,F.NH,"OTf .
[l Not reproducible.

moisture-insensitive C4FsN*H;:NTf,” produced suc-
cessful and reproducible results (entries4 and 5).'!
Thus, we chose C,FsNTH,-NTE,” as a robust catalyst
for the present study.

Table 2 lists the successful results of the present
C¢FsNtH;-NTf, -catalyzed Mukaiyama aldol reaction
using a variety of KSAs 1a-1f and ketones under op-
timized conditions. The salient features are as follows:
(i) The reaction using not only simple KSAs la-lc,
but also stereocongested TBS-substituted KSAs 1d,
proceeded smoothly to give the desired f3,3-disubsti-
tuted B-hydroxy esters (tertiary aldols) in good to ex-
cellent yield. (i) A striking aspect is that enolizable
ketone acceptors were applicable as the substrate
with much better performance compared to Ishihara’s
base-catalyzed method.P! In general, enolizable ke-
tones are prone to be transformed to the correspond-
ing enol silyl ethers by the reaction with KSAs.!"” (iii)
Acid labile KSAs 1e and 1f underwent the reaction
smoothly without loss of the -Bu group (entries 5, 6,
11, and 12).'* (iv) Benzophenone, methyl pyruvate,
and phenacyl chloride were applicable as the acceptor
(entries 22-24). Thus, a variety of inaccessible tertiary
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aldols were provided by the present method. (v) The
syn/anti selectivity was poor or moderate due to the
intrinsic difficulty of ketone-ketone cross-aldol addi-
tions based on the poorer differentiation between
ketone substituents than that of aldehydes.

Next, we applied the present method for the reac-
tion between KSA 1a and four o,(-unsaturated ke-
tones. In clear contrast to the case of using saturated
ketones, Michael-type 1,4-addition predominated over
the aldol addition to give 5-oxo esters 10-13
(Scheme 2).14

Scheme 3 illustrates a plausible mechanism for the
present reaction. Initially, CgFsNtH;-NTf,™ reacts with
a KSA 1 to form the key Tf,N(TMS) catalyst with re-
lease of an intact (much less reactive) methyl ester
and C,FsNH,. Tf,N(TMS) activates a ketone to give
intermediate A, which couples with 1 giving an aldol
adduct intermediate B. Then B rearranges into a TMS
aldol adduct 2 with reproduction of Tf,N(TMS) possi-
bly through path b rather than path a, according to
the Yamamoto group’s extensive studies,'***¢™l and
the catalytic cycle is completed. It is worth noting
that T,N(TMS) is considered to be the true active
catalyst, despite the use of the parent simple Brgnsted
catalyst, CiFsNTH;NTHf, .

"H NMR monitoring study of a mixture of KSA 1a
and catalytic C4FsNTH;-NTf,~ (20 mol%) in toluene-
dg at —20°C, rationally supported the present hypoth-
esis: the generation not of parent Tf,NH but of NTf,
(TMS) with methyl isobutyrate was unambiguously
observed (Figure 1).

With these results in hand, we next investigated the
C.FsN*tH,-NTf, -catalyzed Mannich reaction between
KSAs 1 and oxime ethers. Oxime ethers are well-
known superior isosters to imines due to easier prepa-
ration and inherently higher stability, especially for
reliable aliphatic aldoximes derived from aldehydes
bearing a hydrogen in the a-position. The Mannich
reaction using oxime ethers, therefore, has a clear ad-
vantage over that of imines due to its wide variation.
Nonetheless, to the best of our knowledge, there is a
sole report on this topic:' the TMSOTf-catalyzed re-
action between KSAs and only two oxime ethers.
However, this method lacks substrate generality due
to insufficient reactivity. Recently, we reported the
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Table 2. C,FsNTH;-NTf, -promoted Mukaiyama aldol reac-
tion between KSAs 1 and ketones.

ji cat. CgFsN"H; + NTf,~ (5 mol%)/toluene,

R4 RS -50 to -45 °C, 1 h/aq. HCI-MeOH, 20 to OH O
25°C.1h
RY/ OR®
OTMS R R! R?
1

RN or?

R?

1a-f (1.5 equiv.)

OTMS OTMS OTMS OTMS
\%OMe Z > OMe /\/\/\OMeTBSO\%\OMe
1a 1c 1d
OTMS OTMS
\/\ /\/\/\
O t-Bu O-t-Bu
1f
Entry  Ketone KSA  Product de® Yield
[%][b]
1 1a 2a - 77
2 1b 2b - 57
3 O 1c 2¢ - 91
4 AN 14 2 - 761
5 1e 2e - 75
6 1f 2f - 59
7 1a 3a - 86
8 o 1b 3b 1:1 92
9 1c 3c 2:1 91
10 Ph/U\ 1d 3d 1:1 90
11 1le 3e 1:1 77
12 1f 3f 4:1 59
13 o 1a 4a - 71
14 L 1c 4c 21 89
15 P 1d 4d 11 84l
16 o 1a Sa - 83
17 ij 1c 5¢ - 91
18 1d 5d - 88l
19 o la  6a - %
20 e~ e 6c 1178
21 1d 6d 1:1 94[c1
O
22 or 1a 7a 98
O
23 MGOTI)K 1a 8a 68
(e}
(e]
24 o 1a 9a 92

[) Determined by "H NMR. The syn/anti ratio was not as-
signed.

) Isolated yield.

[ Carried out at 0-5°C for 3 h. Based on its TMS ether.

TiCl,-(s-Bu),NH-mediated direct reaction between
esters and oxime ethers,® but this method requires a-
brominated ester substrates.
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cat. CgFsNH;" NTf,™ (5 mol%)/
OTMS toluene, -50 to -45 °C, 1 h/ag.
O HCI-MeOH, 20t0 25 °C, 1 h

R1JK/\R2 + Y7 “OMe
1a
(1.5 equiv.) 0O R O
R1W0Me
R' R?=Ph; 10, 86%
R'= Ph, R? = Me; 11, 89%

R'= Me, R? = n-Pen; 12, 57%
R’ R? = -CH,CH,CH,-; 13, 90%

Scheme 2. C;F;N*H;-NTf, -promoted Michael reaction be-
tween KSAs 1a and a,3-unsaturated ketones.

CoFsNH," NTH,”

Ees
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Scheme 3. Plausible reaction mechanism for the aldol addi-
tion between KSAs 1 and ketones.

Table 3 lists the successful results of a mild and
powerful Mannich reaction between KSAs 1a-1d and
various oxime ethers.

The salient features are as follows: (i) In all cases
examined, the present reaction proceeded smoothly
to give the desired p-alkoxyamino esters in good to
excellent yield (NB: all new compounds). (ii) A com-
parable experiment on entry 1 using TMSOTT as cata-
lyst resulted in almost no reaction under identical
conditions. (iii) O-Benzyloximes as well as O-methyl-
oximes were applicable (entries 14-21). (iv) Several
functionalities in the oxime ethers, such as terminal
Br, TBSO, and MeO,C groups, were compatible (en-
tries 16-21). (v) The syn/anti selectivity was poor or
moderate similar to the aforementioned cross-aldol
reaction.
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Figure 1. '"H NMR monitoring study using a mixture of KSA 1a and catalytic C{FsN*H;-NTf,” (20 mol%) in toluene-ds.

As was described in the previous report,”®! f-me-
thoxyamino esters, obtained by the present Mannich
reaction, can be converted to the corresponding [3-
amino esters using Zn-AcOH reagent. In addition, a
mild catalytic hydrogenation of f-O-benzyloxime
ester products 18a and 2la proceeded smoothly to
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give the corresponding P-amino esters 22 and 23
(Scheme 3).

In conclusion, we have developed efficient Mu-
kaiyama aldol and Mannich reactions between KSAs
and ketones or oxime ethers, respectively, promoted
by the CsFsNtH;NTf, catalyst (total 44 examples).
The present method provides a new avenue for the
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Table 3. C,F;NH,;*NTf, -promoted Mannich reaction between 0.25 mm Silica gel Merck 60 F,s, plates. Melting points were

KSAs 1 and oxime ethers.

ORS
Nﬁ‘
A
R H cat. CoFsNH;"-NTE,™ (5 mol%) RSO
toluene, -50 to —45 °C, 1 h NH O
OTMS R4 OMe
1
RN Some R' R
RZ
1a - d (1.5 equiv)
OTMS OTMS OTMS
Z~OMe “Z OMe ome Co0 7 OMe
1a 1b 1c 1d
Entry Oxime KSA Prod- det Yield
ether uct [% 1]
97
1 NOMe la 142 — (< ]0%)[0]
3 H e 14c 11 98
4 1d 14d 1.5:1 82
5 1a 152 - 83
6 NOMe 1p 15b 1:1 81
7 S~ Ay e 15 11 4
8 1d 15d 1.5:1 659
9 NOMe 13 16a — 89
10 ~ A 1c 16c 1:1 86
1P H 1d 16d 15:1 884
12 NOMe 1a 172  4:1 96
13 PhMH e 17¢  23:1 99
14 NOBn 1a 18a - 99
15 ey e 18 151 92
16 NOBn la 192 - 86
17 Bra~o~N lc 19  1.5:1 86
18 NOBn la  20a - 83
19 TBSO H 1c 20c 1.5:1 87
20 NOBn 1a 21a - 87
21 MeO,C H 1c 21c 1.5:1 82

[} Determined by 'H NMR. The syn/anti ratio was not as-

signed.
I Isolated yield.
[l Use of TMSOTH.
[ Carried out at 0-5°C for 3 h.

synthesis of a variety of quite less accessible 3-hy-
droxy esters and [-alkoxyamino esters of interest, es-
pecially, in the context of natural product synthesis
and process chemistry.

Experimental Section

All reactions were carried out in oven-dried glassware
under an argon atmosphere. TLC analysis was performed on

1132 asc.wiley-vch.de
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determined on a hot stage microscope apparatus (Asone)
and are uncorrected. NMR spectra were recorded on a
JEOL DELTA 300 spectrometer, operating at 300 MHz for
'HNMR and 75MHz for “CNMR. Chemical shifts (8
ppm) in CDCl; are reported downfield from TMS (=0) or
CHCl, (=7.26) for '"H NMR. For *C NMR, chemical shifts
are reported in the scale relative to CDCl; (77.00 ppm) as
an internal reference. IR spectra were recorded on a
JASCO FT/IR-5300 spectrophotometer. Mass spectra were
measured on a JEOL JMS-T100 LC spectrometer. For the
measurement of HR-MS, the corresponding TMS ethers
were used.

Typical Procedure for Aldol Reaction between KSAs
1a and 4-Heptanone (Table 2, entry 1)

1-Methoxy-1-trimethylsiloxy-2-methyl-1-propene (1a;
261 mg, 1.5 mmol) was added to a stirred solution of 4-hep-
tanone (114 mg, 1.0 mmol) and CFsN*tH;NTf,” (23 mg,
0.05 mmol) in toluene (0.5 mL) at —50 to —45°C under an
argon atmosphere, followed by stirring at the same tempera-
ture for 1h. The mixture was quenched with water, and
then extracted twice with Et,O. The combined organic
phase was washed with water, brine, dried (Na,SO,) and
concentrated. The obtained crude product was added to a
stirred solution of 6M HCI aqueous solution (2.0 mL) in
MeOH (2.0 mL) at 20-25°C, followed by stirring at the
same temperature for 1 h. The mixture was quenched with
water and then extracted twice with Et,O. The combined or-
ganic phase was washed with water, brine, dried (Na,SO,)
and concentrated. The obtained crude product was purified
by SiO, column chromatography (hexane:Et,0=30:1) to
give the desired product 2a;!'% yield: 167 mg (77%); colour-
less oil; '"H NMR (300 MHz, CDCl;): 6=0.89 (6H, t, /=
6.9 Hz), 1.22 (6H, s), 1.27-1.54 (8H, m), 3.70 (1H, s), 3.71
(3H, s); ®*CNMR (75 MHz, CDCl): 6=14.8, 17.4, 21.3,
38.6, 50.3, 51.8, 76.0, 179.4; IR (neat): v=3505, 2961, 2874,
1734, 1701, 1273, 1150 cm .

Typical Procedure for Aldol reaction between KSA
1d and Ketones (Table 2, entry 4)

4-Heptanone (114 mg, 1.0 mmol) and 2-fert-butyldimethyl-
siloxy-1-methoxy-1-trimethylsiloxy-1-propene (1d; 436 mg,
1.5 mmol) were successively added to a stirred solution of
CeFsN*tH;NTf,” (23 mg, 0.05 mmol) in toluene (0.5 mL) at
0-5°C under an argon atmosphere, followed by stirring at
the same temperature for 3 h. A similar work-up procedure
as for preparing 2a gave the desired product 2d; yield:
306 mg (76%); colourless oil; '"H NMR (300 MHz, CDCl,):
0=0.01 (3H, s), 0.076 (9H, s), 0.082 (3H, s), 0.82-0.93 (6 H,
m), 0.89 (9H, s), 1.15-1.49 (4H, m), 1.44 (3H, s), 1.50-1.79
(4H, m), 3.65 (3H, s); ®*C NMR (75 MHz, CDCl,): 6=-3.7,
-29, 29, 15.0, 17.7, 17.8, 18.5, 22.4, 25.9, 374, 379, 51.3,
82.8, 83.9, 175.0; IR (neat): v=2959, 1742, 1458, 1250, 1146,
1115, 1086, 1005, 839, 777 cm™'; HR-MS (ESI): m/z=
4272677, caled. for C,0H,,0,Si, (M+Na'): 427.2676.
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Typical Procedure for Michael Reaction between BnO- 1 o H,, 10% Pd-C/ NH. O

2

KSA 1a and Benzalacetophenone (Scheme 2)

KSA 1a (261 mg, 1.5 mmol) was added to a stirred solution
of  benzalacetophenone (208 mg, 1.0mmol) and
CoFsNTH;'NTf,” (23 mg, 0.05 mmol) in toluene (0.5 mL) at
—50 to —45°C under an argon atmosphere, followed by stir-
ring at the same temperature for 1 h. A similar work-up pro-
cedure as for the aldol reaction gave the desired product
10;" yield: 267 mg (86%).

Typical Procedure for Mannich Reaction between
KSAs 1a and O-(Methyl)octanaldoxime (Table 3,
entry 1)

O-(Methyl)octanaldoxime (157 mg, 1.0 mmol) and KSA 1a
(261 mg, 1.5 mmol) were successively added to a stirred so-
lution of C,FN*tH;NTf,” (23 mg, 0.05 mmol) in toluene
(0.5mL) at —50 to —45°C under an argon atmosphere, fol-
lowed by stirring at the same temperature for 1 h. The mix-
ture was quenched with water, which was extracted twice
with Et,0. The combined organic phase was washed with
water, brine, dried (Na,SO,) and concentrated. The obtained
crude product was purified by SiO, column chromatography
(hexane:Et,0=15:1) to give the desired product 14a; yield:
251 mg (97%); colourless oil; '"H NMR (300 MHz, CDCL,):
0=0.88 (3H, t, J=6.5Hz), 1.06-1.62 (12H, m), 1.155 (3H,
s), 1.157 (3H, s), 3.11 (), 3.41 (3H, s), 3.65 (3H, s), 5.56
(1H, br s); BCNMR (75 MHz, CDCl,): 6 =14.1, 20.2, 22.6,
23.2, 27.6, 28.1, 29.2, 29.7, 31.8, 45.6, 51.6, 61.3, 66.2, 178.1;
IR (neat): v=2928, 2857, 1736, 1466, 1435, 1263, 1192,
1142 cm™'; HR-MS (ESI): m/z=282.2040, calcd. for
C 4 H;)NO; (M +Na'): 282.2045.

Typical Procedure for Mannich reaction between
KSA 1d and O-(Methyl)octanaldoxime (Table 3,
entry 4)

O-Methyloctanaldoxime (157 mg, 1.0 mmol) and KSA 1d
(436 mg, 1.5 mmol) were successively added to a stirred so-
lution of C,FNTH;NTf,” (23 mg, 0.05mmol) in toluene
(0.5 mL) at 0-5°C under an argon atmosphere, followed by
stirring at the same temperature for 3 h. A similar work-up
as for preparing 14a [SiO, column chromatography (hex-
ane:Et,0=80:1)] gave the desired product 14d; yield:
309 mg (82%); colourless oil; "H NMR (300 MHz, CDCl,):
0=0.075 3Hx3/5, s), 0.083 (3Hx2/5, s), 0.11 (3Hx3/5, s),
0.17 (3Hx2/5, s), 0.84-0.91 (12H, m), 1.16-1.56 (12H, m),
1.38 (3Hx2/5, s), 1.46 (3Hx3/5, s), 3.05 (1Hx3/5, dd, J=
2.1,9.6 Hz), 3.14 (1Hx2/5, dd, J=2.4, 9.3 Hz), 3.37 (3Hx2/
5,8), 3.43 (3Hx3/5, s), 3.67 (3Hx2/5, s), 3.69 (3Hx3/5, s),
5.99 (1H, br s); *C NMR (75 MHz, CDCl,): 6=-3.4, —3.1,
—2.81, -2.77,14.1, 184, 18.6, 22.6, 23.2, 24.2, 25.8, 25.9, 26.8,
27.2, 27.4, 28.0, 29.2, 29.6, 29.7, 31.8, 51.7, 60.7, 61.4, 66.6,
67.7,71.8, 79.3, 175.2, 176.0; IR (neat): v=2930, 1754, 1464,
1254, 1192, 1130, 1005, 837, 779 cm™'; HR-MS (ESI): m/z =
398.2707, calcd. for C;yH;NO,Si (M +Nat): 398.2703.

General Procedure of Catalytic Hydrogenation of f3-
(Benzyloxyamino) Esters (Scheme 4)

10% Pd-C (106 mg, 0.1 mmol) was added to a stirred solu-
tion of 3-(benzyloxyamino) ester 18a or 21a (1.0 mmol) in

Adv. Synth. Catal. 2010, 352, 1128 -1134
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MeOH, 20 - 25 °C

R = CH;(CH,)s; 18a
= MeO,CCH,(CH,)s; 21a

OMe

22 83%
23 85%

Scheme 4. Deprotection of the benzyloxy group of Mannich-
type adducts.

MeOH (3.0 mL), and the mixture was stirred equipped with
an H, balloon for 16 h at 20-25°C. The mixture was filtered
thorough the Celite using a glass filter, and the filtrate was
concentrated under reduced pressure. The obtained crude
product was purified by SiO, column chromatography (hex-
ane:AcOEt=10:1) to give the desired product 22 or 23.

Supporting Information

Characterization data for all known products 3a,"”! 3¢
3,111 52,191 5¢,1201 75 201 84 211 10,171 11,11 12,1 13,241 and all
new products 2b-2f, 3f, 4a, 4¢c, 4d, 5d, 6a, 6b, 6d, 9a, 14a—
14d, 15a-15d, 16a, 16¢, 16d, 17a, 17¢, 18a, 18¢c, 19¢, 20a, 20c,
21a, 21c are available in the Supporting Information.
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