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Abstract: TMSCI catalyst (0.05 equiv) signifiantly promoted the TiCly/BusN-mediated
direct cross aldol additions of sterically crowded ketones and a-hetero substituted
ketones, and also the direct Claisen condensation between methyl esters.
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TiCl4-mediated aldol additions, ! originally called the Mukaiyama aldol reaction,2 have attained a prominent
position in the wide field of organic syntheses. In view of the restrictions during the expanding elaborate
syntheses of complex organic compounds, the research on more efficient methods has become increasingly
significant. We report here one of the most powerful protocols for direct cross aldol additions and the related
Claisen condensation using TiCl4/Bu3N promoted by catalytic TMSCI (0.05 equiv).

Initial comparison experiments were guided by the nonaccessible cross aldol coupling using sterically
crowded and less reactive o, o.-dimethylketones 1. Actually, the effectiveness of the co-existing TMSCI
catalyst was demonstrated as shown in Table 1. It is worth noting that the TiCl4/Bu3N direct method (A) using
1,3 and the original Mukaiyama aldol addition (B)22 or the related titanium trichloride enolate reaction (C)4
using the enol silyl ether of ketones 1', which rank hitherto as the most powerful system, however, were
inferior in every case in Table 1.5 Meanwhile, both the reactions using Sn(OTf)2/N-ethylpiperidine® and
BupBOT{/i-ProNEt, 7 which are efficient direct cross aldol addition systems, failed to proceed (no reaction) in
the case of entry 1.

Table 1. Direct cross aldol reactions of o, at-dimethylketones 1 using TiCl4/Bu3zN/cat. TMSCL 2)

[o)
(o] OTMS Rz)L /3 O OH s
Ruu\( n')Y 2 R R?
TiCle/ BusN
1 1 cat. TMSCI
(0.05 equiv)

entry R! R2 R3  time/h Yield/% (Yield/%;A, B, CO)P)

199 iPr  i-Pr H 0.5 879 54, 71, 57)
2¢) iPr +Bu H 16.5 51 (44, trace, trace)
3¢) iPr Ph H 2.0 98 (81, 46, 75)
4°) Ph iPr H 0.5 73 (59, 58, 44)
5¢) iPr n-Hex Me 2.5 42 (35, --, trace)

a) These reactions were carried out in CH2Clj at 0-5 °C. b) A; TiClg/BuzN method
without TMSCI. B; Mukaiyama aldol reaction (TiCl4 was added into the mixture of 1' and
2). C; TiClz-enolate method (TiCl4 and 2 were successively added into 1*). ¢) Molar ratio
/1:2:TiClg: BusgN=1:12:12: 1.4 d) In the place of BuzN; Et3N (64%), i-
PrNEt (53%), and TMEDA (trace). €)1 :2 : TiCl4: BusN=1:1.2:1.5:2.0.
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Encouraged by the resuits, we next evaluated this protocol for the reaction of ¢t-hetero substituted ketones,
not only because these are important substrates for obtaining multi-functionalized aldols, but because
preparations of these enol silyl ethers are quite limited. Table 2 lists these results in the case of o-chloroketones
3.8 The salient features are as follows: [a] The presence of the TMSCI catalyst (0.05 equiv) had a dramatic
effect on the reaction of a-chloroacetophenone (3a) and significantly enhanced higher yields and syn-selectivities
in the cases using a-chloropropiophenone (3b) and a-chloropinacolone (3c¢); [b] An equimolar amount of
TMSCI or 0.05 equiv of TMSOTf showed a somewhat reduced yield in the case of 3a with PhCHO; [c] The
cross coupling between a-chloroketones 3a, 3¢ and diethylketone was also performed, wherein BuzN was
superior to Et3N; and [d} !3C NMR characterization supported the speculation that TMSCI effectively
contributed to the smooth enolate formation of ai-chloroacetophenone. 9

The obtained syn-a-chloroaldols are worthwhile precursors for preparing the normally nonaccessible and
thermodynamically unfavorable cis-o, B-epoxyketone!0 and would be a promising intermediate for the radical-
type manipulation through reductive dechlorination. 11

Table 2. Direct aldol addition of a-chloroketones (3) using TiClg/Bu3zN/cat. TMSCL.2)

A
R R 2§H 20H
4 R R4 R 4
t Cl 1 + 1 R
R R R3 R R3
Cl cl
syn anti

R? TiCls/ BusN

3 cat. TMSCI
(0.05 equiv)
Substrate R R2 R3 R4 Yield /% (/%)) syn/anti©)

3a Ph H Ph H 81 (trace) 89:11
3a Ph H Ph H 63d) (trace) 91:9
3a Ph H Ph H 48€) (trace) 88:12
3a Ph H Bu H 71  (trace) 94:6
3a Ph H Et Et 66  (trace) -
3a Ph H Et Et 150 (trace) -
3b Ph Me iPr H 63 (36) 92:8 (82:18)
3¢ ~Bu H Ph H 72 (44) 83:17 (70:30)
3¢ +tBu H iPr H 58 (18) 80:20 (66:34)
3¢ +Bu H Et Et 43 (10) -

a) These reactions were camried out in CHCl2 at -78 °C for 2-3 h. Molar ratio /3 : 4 : TiCl4:
Bu3sN = 1.0:1.2:1.4: 1.2. Parentheses indicate the cases without using TMSCI. b) They

were based on the yields of their TMS ethers. c¢) These ratios were determined by TH NMR
(400 MHz) of the crude product. d) 1.0 Equiv of TMSCI was used. e) 0.05 Equiv of TMSOTf
was used. f) Et3N was used in the place of BuzN. Self coupling aldol of phenacyl chloride was
mainly obtained in 79% yield.

Next, we investigated the aldol additions of several a-oxygenated methyl ketones 5. Table 3 lists these
results. In all the cases examined, caralytic TMSCI considerably increased the yields of regiocontrolled aldol
adducts 6, among them, a remarkable effect was observed in the cases of pyruvic aldehyde dimethylacetal (5a)
and r-butyldimethylsiloxy acetone (5¢). The reactions of phenacyl chloride as a basic labile acceptor also
smoothly proceeded.
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Table 3. Direct aldol addition of a-oxyketones (5) using TiCl4/Bu3N/cat. TMSC}.8)

(o}
e Ra).l\“' o oH
R'OR)J\ R'O 4
2 TiCla/ BugN M
5 cat. TMSCI 6
(0.05 equiv)
Substrate R! R2 R3 R4 Yield /% (/%)b)
Sa Me MeO Ph H 80 (trace)
Sa Me MeO Ph H 679  (trace)
5a Me MeO Bu H 71 (trace)
Sa Me MeO Ph CH2Cl 63 (trace)
5b PhCO H Ph H 86 (68)
Sc TBS H Ph H 78 (23)
Sc TBS H Ph CH2Cl 94 -

a) These reactions were carried out in CH2Cl3 at -78 °C for 2-3 h. Molar ratio / 5 : 4
: TiCl4: Bu3N = 1.0: 1.2 : 1.4 : 1.2. b) Parentheses indicate the cases without using
TMSCL. c) Et3N was used in the place of Bu3N.

Finally, the present agent was successfully applied to the direct and powerful Claisen condensation between
methyl esters (Table 4). The reported reaction using the titanium triflate!2 or TiClg/cat. TMSOTf3 requires rt-60

°C for completing the reaction.

Therefore, it should be noted that the TMSCI catalyst promoted the desired

reaction even at -78 °C,13 which is one of the most powerful methods ever known. Namely, TMSCI showed

superior reactivity to TMSOTf. Benzoylation and formylation were also performed. In the last decade, there

have appeared a number of TMSCI catalyzed C-C bond forming reactions, wherein TMSCI works as an activator
of organometallic reagents or substrates. However, to the best of our knowledge, all known those TMSCI
mediated reactions require at least equimolar amount of TMSCI vs. the metal reagents and/or substrates.

Table 4. Direct Claisen condensation between methyl esters using TiCl4/Bu3N/cat. TMSCI.

COMe TiCl/BusN
COMe  cat, TSC)
{0.05 equiv)
/ CH,Cly
-78°C,2h

Ph/\/COzMe

+ —_—

RCO,Me (3.0 equiv)

R i/(COQMe
Ph

95%

R=Ph; 57%
R=H; 54%

ph”~C02Me
+

&/Oone 2 n-Bu \i oMe T nBu \j\rCOQMe

nBu
88%

0
(o] N CO2Me
Me
Ph 62%

CO,Me (3.0 equiv)

The role of the catalytic TMSCI in the present system is not clarified at present. We presume that TMSCI

facilitates smooth enolate generation and/or activates the carbonyl oxygen of acceptors. 14 As another possibility,

intermediary formations of enol silyl ethers and ketene silyl acetals are expected. However, this speculation

could be ruled out, because these species can hardly be generated under the present acidic conditions.
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In conclusion, TiClg/Bu3N/catalytic TMSCI conducts some useful C-C bond forming reactions including a
powerful aldol addition of o, o-dimethylketones, an aldol addition of a-chloro- or a-oxy-substituted ketones,

and the Claisen condensation between methyl esters, wherein catalytic TMSCl works as an efficient and
consistent activator. Compared with the original TiCl4-mediated Mukaiyama aldol reaction, this method has
merits being a direct procedure (not using enol TMS ethers) with higher reactivities. These general and powerful
protocols would heighten the practical level of the TiCl4-mediated aldol additions and the Claisen condensation.
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