CHAPTER III

RESULTS AND DISCUSSION

3.1 Synthesis of racemic Michael adducts
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ucts for development of ee analysis

' 8aly 67 could be synthesized

techniques, a variety b
Table 1. Among Mic *f’
by using DBU as a basgm stoichiomet:
other adducts. The remaiglipg compounds ggquired the use of LiAlH4 as base. For

method A, theﬂ Sdef teagdiGd Bakilh Qi) fubind BA)LIAIH, gave racemic

Michael adducts # moderate to high ylelds except for 69 and 73 where there were no

reactxon ﬂ m ﬁet\j'lth LiAlH, (10
mol %) was used as catalyst, the Michael adducts were obtamed in high yields (Table

1, entries 1-9). The results showed that the addition of the racemic achiral ligand (R/S)-

"he results were shown in

ount but l@reaction was observed with

87d greatly increased the reactivity of the reaction compared with using LiAlH4 alone.
'H NMR of all Michael adducts (67-72) showed the similar doublet signals around 3.0
ppm that belonged to CH(CO,R), which cyclohexyl protons of cyclohexenone around
1.47-2.49 ppm. Characteristic signals of ethyl, isopropyl, fert-butyl and benzyl esters
were also observed for compounds 67, 68, 69, 70 and 71, respectively. Moreover, the

singlet signal at 1.39 ppm due to the methyl group of compound 69 was evidenced. For
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compound 73 a characteristic singlet of two CHsz group on quaternary carbon was
observed at 1.82 ppm. '"H NMR of the Michael adduct 72 showed special signal of di-
tert-butyl moiety, cyclopentyl of cyclopentenone, and a doublet of CH(CO,'Bu),. 'H
NMR of the acyclic Michael adducts 74 and 75 revealed important signal due to the
di-tert-butyl malonate moiety and aromatic group.

Table 1. Synthesis of racemic Michael adducts

method A method B

entry substrate product
(yield® (%)) (yield® (%))
1 cyclohex-2-enone 85 87
2 cyclohex-2-enone 80 80
3 cyclohex-2-enone P 83
4  cyclohex-2-enon 80 82
5 cyclohex-2-eno 88 90
6  cyclopent-2-enong 82 87
7  cyclohex-2-enone = 30
0
8 60 65
9 Q)V/\@No 48 57

Method A: LiAlH, 10 moh% as catalys %) iAlH,:racemic ligand (R/S)-87d
(1:1) complexes 10 mol olated yield. “no reaction.

3.2 Determination of e ntlomerlc excess

Based u {E g)f ent, three techniques
were selected ﬂﬁ ﬁ)ﬂm a lﬁaﬁﬁﬁ ﬁ) electivity of Michael
adducts. These mcluded nuclear mfagnetic resomance (NMR) gspectroscopy, high

ok W S Vi o

3.2.1 NMR spectroscopy

Enantiomers cannot be distinguishably separated in an achiral medium by NMR
technique because their resonances are chemical shift equivalent (isochronous). In
contrast, diastereomeric signals are separable because they are chemical shift non-
equivalent (anisochronous). Determination of enantiomeric purity using NMR requires
the intervention of a chiral auxiliary to convert an enantiomeric mixture into a

diastereomeric mixture. If the magnitude of the chemical shift non-equivalence was
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sufficient to give baseline resolution, integration of the appropriate singnals give a
measure of the diastereomeric composition. The enantiomeric composition of the
original mixture can then be calculated.

Three types of chiral auxiliary were widely used. Chiral derivatizing agents
(CDAs) form diastereomers while chiral solvating agents (CSAs) and chiral lanthanide
shift reagents (CLSRs) form diastereomeric complexes in situ with the substrate

enantiomers.

An effective chiral auxiliary, shou duce significant NMR chemical shift

anisochronicity in as large a range of substrafe€ a€ possible. Furthermore, if the sense of
non-equivalence was consistént in-a ds, then once a standard of

known stereochemistry h figuration of the unknown
can be deduced from the

According to prey utanediol (76) was used as

chiral derivatizing age \ nation of Michael adduct.
Unfortunately, the derivatizati ‘ \ h diol was inconvenient. It
requires separated synthetic afid pugifica ' \ 2 cl aracterization by NMR. We

have used, (1R,2R)-diphenyl-et ne.-f J-dia
s,
baseline resolution could be obser t‘;f for Mo

(7 )iin place of 76. Unfortunately, no

(‘?,R J3R)-76 (1R,2R)-77

Figure 47. (2R, ﬂ ﬁﬂafﬂdiﬂﬂ ﬂ Wm;ﬂﬂane 1,2-diamine (77).
fmmﬁimmaﬁ?ﬂmﬁiﬂ”;‘dﬁi o

form diastereomeric complexes with chiral lanthanide shift reagents (CLSRs).
However, after several attempts, the enantioselectivities of Michael adducts 67 could
not be determined by this method. Therefore, an alternative method employing chiral

high performance liquid chromatographic analysis has been investigated.
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3.2.2 High Performance Liquid Chromatography (HPLC)

Liquid chromatography which are rapid and simple for determination of
enantiomeric purity have perhaps been continuously developed in the analysis of chiral
compounds since the 1990s. Most of the works employed chiral HPLC columns such as
Daicel Chiralpak AD, AS, and Chiralcel OD to determine the optical purity of Michael
adducts.

For example, Shibasaki and co-workers reported the determination of
79, and 80 by HPLC analysis on chiral
:hexane (10:90)).[37]

enantiomeric excess of Michael adducts, |7

stationary phase column (Chiral

0
R
@.\\NOZ COzMC
Ph
78 a
IS 9
R * Ph *
82 86
Figure 48. Several s res. EMi ucts form previous reports.
Hayashi’s reporik omeri . excess of Michael adduct
78 by HPLC analyskdoh {68k Chiralcel OJ, OD-H, or
Chiralpak AD).[/3]

Recently, Jorgenseh #eported that %@é of 81 was measured by chiral HPLC

technique using ﬂl%&l‘ﬁxa cqﬁlng m ﬁxw:ﬂaﬂl‘a&m) containing 0.15
% of TFA as an eﬂent.[l 7] ¢ . 'y

LR BT M NRY DI i o
enantiomefic purity of the Michael adduct 82 using 99:1, hexane:2-propanol as eluent.
[/2] The enantiomeric excess of the Michael adducts 83-86 could be determined by
HPLC analysis with chiral stationary phase columns (Chiralpak AD column).[/]]

For this experiment, the enantioselectivity of Michael adducts (70, 71 and 74)
were tested by chiral HPLC (AD and OD columns) which were available in our
laboratory. The results showed that enantiomers of Michael adducts could not be

separated by chiral HPLC when both Chiralpak AD and Chiralcel OD columns were
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used. Only the enantiomeric composition of Michael adduct 74 could be determined by

using Chiralpak AD column (90:10 hexane:2-propanol, ImL/min).

3.2.3 Gas chromatographic methods

Another well-known method for determination of enantiomeric excess is chiral
gas chromatography (GC). The premise upon which the method was based was that
molecular association may lead to sufficient chiral recognition that enantiomer
resolution results. Since Michael adducts are small molecules, easily volatile, and

thermally stable, they should be ideal for analysis.

latile chiral compounds by chiral
. . . g b d' . . . .

GC on chiral column containin difie s which is heptakis(2,3-di-O-

methyl-6-O-tert-butyldim ‘clomal .‘v"‘\:\ was successful.[49] The

y “. DI1IE] A
enantiomeric pair of ot} \R\\\'Nk.\ carbonyl and ester groups
might be separated on 4 : % Grtify \ y, Separation of a racemic mixture of

the Michael adduct 67 aphic eolumn coated with 10 % -

e
N

‘ t baseline separation under
both isothermal and tempegltus progsai. Ihe results are shown in Figure

@jor enantiomer has not yet been

o e—

PA p =

~ e X | )
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Figure 49. Representative chiral GC chromatograms of (a) a racemic mixture of

Michael adduct 67. and (b) an enantiomerically enriched Michael adduct 67 (60 % ee).
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Apart from 67, excellent baseline separations were observed for all of the
Michael adducts 68-70 and 72. Apparently, chiral GC using the specified stationary
phase offers itself as a reliable and speedy method for determination of ee of the

Michael adduct with high accuracy.

3.3 Synthesis of ligands
33.1 Structure of ligands for asymmetric Michael reaction

s on various positions of the ligand on

the degree of enantioselectivity "o the  MicH; ddition, many N-salicyl-B-amino
alcohol ligands containing, iBstituents _z *hositions of the salicyl and
aminoalcohol parts were ieyl ligands such as binol and
other amino alcohol ligand on in the same asymmetric
Michael reaction. The N=salicyl=[3 ligands used in this study

can be categorized into thgffollev
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Group 2: N-salicyl-B-amino alcohol ligands bearing substitutents at both a-, and

B-positions.
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Group S: Bidentate amino alcohol ligands

(R)-87v (R)-87w (R)-87x

Group 6: non-salicyl ligands

5
Ph Ph  Ph
88a 88c
H s Pho , Ph
O =
HO™™Y ™ om on HO R~"Ron
Ph  Ph
88d 88g
3.3.2 Synthesis of N-salicyl-[} ds by NaBH, reduction and
hydrogenation

Table 2. Comparison of ‘ ohol ligands by using NaBH; and
hydrogenation. ,-..-;‘ ”
entry "—“—""""‘_If"‘ ethod B (yield® (%))

1 ] i 2

2 87i 60 b

L AREAnengnens ¢

4 Y ﬂ: 2 R

5 n. 9 a e/ b

SARIFINTUUAENINYAY

7 ! 87r 82 .

8 87s 50 H

9 87t 45 B

10 87u 41 L

Method A: NaBH,. Method B: hydrogenation. “isolated yield. "ligands were not synthesized by
this method.
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The N-salicyl-B-amino alcohol ligands (87) were synthesized by condensation
reaction between salicylaldehyde and the appropriate aminoalcohol in methanol or
ethanol followed by in situ NaBH, reduction.[42-43] After purification by flash column
chromatography, ligands 87 were obtained in 20-82 % yield (Table 2). Ligands 87h
and 87j were synthesized by using hydrogenation over palladium/carbon (method B)
which provided the products in excellent yield (67 and 84 %, Table 2, entries 1 and 3).

However, over-reduction may accompa

\‘\\

the hydrogenation. Therefore, it was not

practical for general use in ligand s)

The ligand 87v was. Synt henol, formaldehyde and D-
phenylglycinol using LiCl 8 falyst Ul derq'mh.[ﬂ] After purification by
flash column chromatograph r ralid 5 obtained. In the next step the
oxazolidine underwent ring / \ \‘\ 3H FA to give ligand 87v in 22

% yield. The chiral ligands
C S
: o LiCHIGa- ) W7\ NaBH/TFA N
BORgE= 1 A\ O
2 > heg U ek THF, it, 1h OH OH

ligand 87v

3.3.3 Synthesis of otlm ligands

The chir: ﬁ lﬁ ﬁa ino alcohoPlgands 87a-87e¢, 87g, 87m-87p, 87i and
91 were synthes lI m &th,gﬁ 87w and 87x were
synthesized by 1ss Woraluk Mangawat and the non-salicyl ligands 88a-f were

AT SR TG SATHTE Lo TR a—

by Sundar%rajan to be effective in asymmetric Michael addition reactions of malonates

and thiophenols to cyclic and acylclic enones.[38-39]
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3.4 Asymmetric Michael reactions catalyzed by metal-chiral amino alcohol ligand
complexes.

3.4.1 Optimization of the reaction conditions

(0] O
CO,Et LiAlH4/ligand 87a-b
+ 10 mol %

COE o CO,Et

CO,Et
\ R
’ [b/ bl (5)87a,R=Bn
¥ o (R)-87b,R =Bn

Table 3. Asymmetric / - ? thy nate and cyclohex-2-enone
catalyzed by LiAlH4:8 A/ 04 \\

entry  cat (10 mgi% l i! M" F-“\\\ yield® (%)  eeS(%)

I LiAlH, 87a 62 20
2 LiAlHy: 87a (1 rt 44 8
3 LiAlHg87a(1:1 0 56 9
4  LiAlHg87a (1:2) rt 64 5
5 LiAlHg8%a (12) . 52 13
6 LiAlHg@Ar(i2y—THF—iweek=——0: 37 2
7 LiAlH4:87ﬂl 26 -11
9  LiAlH.87b(} & THF | week 40 -16
10  LiAIHESYS | » 88 -6

*The progress of q: reactlon was monitored by TL until complete consumption of cyclohex-
2-enone. "Isolated yield. “Enantiomeric eXcess was detgrmined by chiral G¢

Q W’]QA ﬂlim qu’gﬂﬂq@ H % of lithium

Asymmetri ichael reactions were screened using
aluminium hydride (LiAIH,):ligand 87a in 1:1 and 1:2 ratios prepared in sifu from the
ligand and LiAlH, (1 M in THF) in dry THF at room temperature for lh. Then diethyl
malonate and cyclohex-2-enone were added. The ratio of chiral amino ligand to metal,
polarity of solvent, and temperature have also been investigated and the results were
shown in Table 3. The results showed that the complexes of LiAlH4:ligand 87a in 1:1
and 1:2 ratios catalyzed the asymmetric Michael reaction with moderate yield (Table 3,

entries 1 and 2; 62 % and 44 %) and low % ee (20 % and 8 %). The different ratio of
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complexes of LiAlH4: ligand 87a afforded the same sense of asymmetric induction,
which is in sharp contrast to the previous reports.[40-4/] It was noted that the rate of
reaction at room temperature was faster than the lower temperature (0°). Reactions at
room temperature (Table 3, entries 1 and 10) and lower temperatures (0 and -6° C,
Table 3, entry 3, 6, 7, and 9) showed similar results in terms of enantioselectivity,
therefore, subsequent reactions were set up at room temperature. For solvent effects,

toluene, THF, and DCM gave comparable % ee but THF was chosen as the solvent of

be concluded from Table 3 that the
best condition for asymmetric Michae actighrfaso use 10 mol % of the catalyst in
“72h in THF. The product with
opposite configuration was obéained. / i¢ , nd enantio electmty (entries 6-10) when

the LiA1H4:87b complex wi 5'configurat \ igand from 87a was used.

The ligands 87a- S 1 Ainde he bést condition obtained above

(yin the enantioselectivity was

achieved by using chiral ligands f; 3 ' : ad 87j (Table 4, entries 2, 3, 4, and 9).
Chiral ligand 87e with a tert- ‘ on the amino alcohol moiety gave the
highest % ee. The results'showed th at steric Qups at the a-position play a
significant role to im -_?{: '# dduct.

y 2

‘a

ﬂ‘kLEJVJ NANITNYINT

IOmol%

COzEl

AW a{ﬂ‘iﬁl“ﬂmq gl a EJ
(5)-87a,R=H,R, = Bn, ,=H
\@CRJ\&{ (5)-87c,R=H, R, = 'Pr,R, = H, R3 H, R4
OH (R)-87d,R=H,R, =Ph,R,=H,R; = HR4 H
Rq (5)-87¢,R=H,R, ='By,R,=H,R;=H,Ry=H
(1S,2R)-87g, R = Me, R, = Me, R, = Ph, Ry = H, R4
(1R,25)-87h, R =H, R, =Ph,R,=Ph,Ry;=H,Rs =
(5)-87i,R =R, = «(CH,);-,R3=H,R4=H
(1S,2R)-87j, R = H, Ry = R, = -C¢HsCHy-, Ry = H, Ry =H
(S)-87m, R =H, R, = 'Pr, R, = H, Ry = ‘Bu, Ry = ‘Bu
(5)-87n, R =H, R, =Bu, R, = H, Ry = ‘Bu, R4 = ‘Bu
(5)-87p,R=H,R, =Pr,R,=H,R;=Ph,R,=H
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Table 4. Asymmetric Michael reactions of diethyl malonate and cyclohex-2-enone

catalyzed by several LiAlH4:87 complexes.

entry  cat (10 mol %) time“(h) yield® (%) ee” (%)
1 LiAlH,:87a (1:1) 72 62 20 (S)
2 LiAlH,:87¢ (1:1) 72 50 49 (S)
3 LiAlH4:87d(1:1) 72 87 39 (R)
4 LiAIH4:87e (1:1) 78 67 ()
5 LiAIH4:87g (1:1) 80 1(5)
6 LiAlH,:87h (1:1) 15 5(S)
7 LiAIH,:87i (1:1) 56 | 4(S)
8 LiAIH4:87j (1(7 42 (R)
9 LiAIH:87m (T° if ; | 3(8)
10 LiAlH,:87n (191) 4 3 40 AL\ N 0
1 LiAlH4:87p ' 7(5)

i (98 AN\
*Isolated yield. "Enantiomerié ex€ess was! defe w .“\\ al GC. “Absolute configuration
was determined by comparing ghe Specific rotationgwith literature data. The progress of the

reaction was monitored by TL£

cyclohex-2-enone.
e

Stdis .+ 2l

3.4.3 Effects of substrate structase— —

T L
JP( _.*J
1 Fable

‘ompleie eonsumptio
v = \

From the results she igand for asymmetric Michael

iti i e —— ———
addition of diethyl mi algnate=to-cyciohex=2=c ,_‘*r to be 87e. In order to

investigate the effect of Shbst d R *7substituents on the malonate

were varied. The results ar‘e ‘siown in Table ‘51 The reaction of cyclohex-2-enone with
diisopropyl mal i tesa i alonate catalyzed by
10 mol % of Li@yﬁgmﬁmrmm the products in high
yield an ioselectivi m a is inter iré( bserve that a-
methylsgmgﬂﬁﬂe ﬂoﬁj gmrﬁm owever, when the

substituent was large, no reaction was observed (entries 6 and 7). The ee of the Michael

adduct of dibenzyl malonate (entry 3) could not be determined by chiral GC
(cyclodextrin) or chiral HPLC (AD, OD). When optical activity of this Michael adduct
of dibenzyl malonate was measured, the racemic compound was obtained ([a]p = 0).
The result suggested that bulkier nucleophile gave improved enantioselectivity of
asymmetric Michael reaction. However, the exception of dibenzyl malonate may imply

a different transition state of the reaction caused by the large and planar benzyl group.
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O O
R ,COR LiAlH,/ligand 87e (1:1)
i‘j‘ " \(Q)ZR THF, rt, 40h . COR
CO,R
@E\Fj;oﬂ (S)-87e
OH

Table 5. Asymmetric Michael re thyl malonate and cyclohex-2-enone
catalyzed by LiAlH4:87e com

entry R ee“Y(%)
1 Et 67 (S)
2 ‘Pr 70 (S)
3 Bn -
4 ‘Bu 88 (S)
5 Et 80 ()
6 Et -
7 Et -
*Isolated yield. "The progress of a=“"~:‘ /as onitored by TLC until complete

consumption of cyclohex-2-enoné
4Absolute conﬁguratlo
literature data. “ee can 1
reaction.

ess was determined by chiral GC.
ecific rotation with that of
d AD and OD column). No

3.4.4 Effects of ligand s‘rxture

s 838 918919 W 1) T

Since di-fédrt-butyl malonate was established as the best nucleophile for

T RIS e
repeated under the “opti l'c ectivities were

observed (up to 88 %) with di-fert-butyl malonate comparing to diethyl malonate.
Again, ligand 87e bearing a bulky terz-butyl group at the a-position was still the best.
As observed for diethylmalonate substrates, the enantioselectivity depended on the size
of the side chain o-substituent on the ligand as shown for ligands 87a, 87¢, 87d, and
87e (Table 6, entries 1-5). Substitution at both a- and B-positions of the ligand resulted
in racemic mixtures when they were trans to each other (Table 6, entries 6, and 11).

However, when the substituents at the o.- and B-positions were cis, the Michael adduct
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was obtained with high % ee (Table 6, entries 8 and 9). The LiAlH4:ligand ratios of 1:1
and 1:2, gave the product with the same configurations (Table 6, entries 4, 5, 8, and 9)
which again confirmed our previous results and was in sharp contrast to Narasimhan’s
work.[38-39] N-alkylated ligands gave racemic products (Table 6, entries 7 and 10),

therefore, the free N-H appears to be essential for the enantioselectivity.

y \ Jligands 87
+ - N . ] I COZIBU
N\,
, P , CO,'Bu
R n, R2 =H
o !

PaelD. . R,=H

4= Ph, R, = H
Bu,R,=H

,, Ph, R, = Ph

L )3"R=H

R \ «H4CH,-
,=Ph,R2=Me

Table 6. Asymmetric Michael reatién- of tyl malonate to cyclohex-2-enone

catalyzed by LiAlH4:87 complexes._ .2/

entry  cat T imemy el (%) (%)
1 LiATH873(L; X 34 (5)
2 LiAlH4:87¢ ‘l‘l @ 86 77 (S)
3 LiAl 86 (R)
4 m?ﬂﬂ%hmm%’wmna
5 LiAIHL87e (1:2) 87 (S)
6 Qlﬁﬂﬁﬁﬂim mﬂTJVIEﬂaEJ 6(9)
7 L1A1H4 87i(1:1) 5(5)
8 LiAIH,:87j (1:1) 15 92 77 (R)
9 LiAIH4:87j (1:2) 72 90 83 (R)
10 LiAIH4:87k (1:1) 72 70 0
11 LiAIH4:871(1:1) 15 95 16 (S)

*The progress of the reaction was monitored by TLC until complete consumption of cyclohex-
2-enone. "Isolated yield. “Enantiomeric excess was determined by chiral GC. 4Absolute
configuration was determined by comparing the specific rotation with that of literature data.
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3.4.4.2 Electronic effect on the salicyl moiety of the ligands

To study electronic effect of the substituent on the salicyl moiety of the ligands,
several ligands containing various electron donating and withdrawing substituents at
the para-position of the OH group were prepared (Table 2). Screening results revealed
that the electronic effect on the salicyl group did not have singnificant effect on
enantioselectivity. The reaction catalyzed by ligands with a variety of electronically

different substituents at the para-position such as Cl, CH3;0, and CHj gave the products

in 76, 83, and 82 % ee, respective ries 2-4). However, ligand 87u with a
strong electron withdrawing substi sent stomided the product in low yield and
enantioselectivity (Table 7, entries S~ 'ee@ed that the complex between
the metal and the ligand w ecause 'ectron withdrawing effect of
the NO,. N |
0 0
CO,'Bu

87d, R=H
87r,R=Cl
87s, R = OMe
. Ry
QPP il ]
e S0,

Table 7. The effect o(’mel}actronic on salicyl group was’ investigated in asymmetric

-

Michael reaction/of dialkyljmra 9] AYSLTECIN 1) S

entry Eﬁ i . Wy v ee™ (%)
1 e LIAIH,:87¢ I o/ 86 (R)
, ARIINTUNNINYIEY  w
3 LiAlH4:87s 73 83 (R)
4 LiAlH4:87t 80 83 (R)
5 LiAlH4:87u 26 34 (R)

*The progress of the reaction was monitored by TLC until complete consumption of cyclohex-
2-enone. “Isolated yield. ‘Enantiomeric excess was determined by chiral GC. dAbsolute
configuration was determined by comparing the specific rotation with that of literature data.
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3.4.4.3 The effect of bulky group on the salicyl moiety.

As sterically bulky groups such as fert-butyl were often introduced to ligands in
order to improve the enantioselectivity.[/7,18,21] It is interesting to study the effect of
bulky group on the salicyl moiety of the ligands. Several ligands with bulky
substituents at ortho and/or para position to the OH group of the salicyl moiety were
synthesized and screened under the best condition obtained as before. The result

showed that the presence of a sterically bulky group on the salicyl moiety, such as ‘Bu

ts (Table 8, entries 2, 3, and 4). A
position still provided a low ee

(Table 8, entry 6). Interest igand \»ﬁlyl group (87p) at the para-

ic effect.so mt ve oor ee was obtained
AN D
’ C021Bu

CO,'Bu

and Ph at the ortho position gave

smaller substituent such as a

position appeared to produce

(Table 8, entry 5).

R <%pr, R, =H,R,=H
= 'Bu, R; ='Bu, R, ='Bu
n,R ='Pr, R, ='Buy, R, ='Bu
R ='Pr, R, =H, R, =Ph
Bk =Ph R,=H

'p =H,R,=CH;,

0

Table 8. The effect of bulky‘groups on salic‘!’moiety explored by using 10 % mol of

LiAlH4:ligands ﬂc%lﬂ&%wmwg@ﬂ ﬁitert—butyl malonate to
——— ¢ .

cyclohex-2-enonél

u

UIURINHNAL <™
1 q iAlH4:87¢ ' ‘ 77 (S)
2 LiAlH4:87m 61 0
3 LiAlH4:87n 48 0
4 LiAlH4:870 72 0
5 LiAlH4:87p 70 0
6 LiAlH4:87q 94 55 (R)

*The progress of the reaction was monitored by TLC until complete consumption of cyclohex-
2-enone. "Isolated yield. “Enantiomeric excess was determined by chiral GC. dAbsolute
configuration was determined by comparing the specific rotation with that of literature data.
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3.4.4.4 Comparison between salicyl and non-salicyl ligands

1) Bidentate and tridentate salicyl ligands

To study the minimum number of chelating groups on the ligand required for
the asymmetric induction, ligands 87d, and 87v-x were investigated. The results clearly
showed that the two OH and the NH groups are essential for the asymmetric reactions
since all the deoxy- and N-methylated ligands provide racemic products. Nevertheless,
the presence of a CH; group on nitrogen as well as the absence of OH group on the
alkyl side chain and the salicyl group ave/rdcgmic adducts in 43, 65 and 75 % yield,
respectively (entries 2-4). The, result ‘showd 4 5L dhe N-salicyl amino alcohols are
indeed a minimum requireme : havi ﬁnd for asymmetric Michael
reaction. It can be further( the active | lyst, the ligand must bind to

-~

H,R,=H

Table 9. Effect of numﬂ of chelating group tested by lmmol % of LiAlH4:ligand 87
i Milfa&eaction 0

f di-fefr-butyl malonatgo cyclohex-2-enone.
i DAl € )

entry « .'- J ¢ . 0 Cyieldt®| o ee“%(%)
1 | Liq}\ll-h:87d G = 75 "y 86 (R)
> YWARRGHFTUHUNRVIVE T8 2 0
3 9 LiAlH.87w (1:1) 65 0
4 LiAlH,:87x (1:1) 75 0

*The progress reaction was monitored by TLC until the consumption of cyclohex-2-enone.
®Isolated yield. Enantiomeric excess was determined by chiral GC. dAbsolute configuration
was determined by comparing the specific rotation with that of literature data.

2) Non-salicyl ligands
Vilaivan and Kanjanawarut found an easy method for the synthesis of several

chiral non-salicyl amino alcohol ligands effectively through epoxide ring opening.[50]
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It is interesting to investigate these ligands as catalyst for asymmetric Michael reaction.
The results from these investigations are shown in Table 10. The chiral ligands (88a,
88c-f) could catalyze Michael addition with high yields (77-83 %) although no
significant enantioselectivity was observed. Disappointingly, only poor % ee and yield
were observed when ligand 88b was used as catalyst. In the report by Sundararajun,[37]
this ligand could catalyze asymmetric Michael reaction of diethyl malonate to
cyclohex-2-enone with high enantiomeric excess (80 %).[37] However, the authors

have determined the ee based on optica ion data which may not be accurate. With

the use of chiral ligand 88g as ¢ dduct was not formed at all.

| d by LiAlH4: -salie 103 A -1 Np }
Lmﬁ igends SRaRomnlonst o o
entry - ielﬂ"’ (%) ee®Y(%)

1 LiAlH4:88a 0
: AW AR80I 8917 mn 8y o
3 LiAlH4:88¢ 0
4 LiAlH,4:88d 83 0
5 LiAIH4:88¢ 80 0
6 LiAlH,4:88f 77 0
7 LiAlH4:88g - 0

“The progress of the reaction was monitored by TLC until the consumption of cyclohex-2-
enone. Isolated yield. “Enantiomeric excess was determined by chiral GC. “Absolute
configuration was determined by comparing the specific rotation with that of literature data.
°No reaction.
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3.4.4 Effect of metals

The effect of both metals, the Lewis acid and the Lewis base, were studied using
other metal-87e complexes as catalysts for asymmetric Michael addition of di-zerz-butyl
malonate to cyclohex-2-enone. The original Li-Al catalyst prepared from LiAlH; was
the only one that gave high yield (86 %) and high ee (88 %). The Li-B catalyst prepared
from lithium borohydride (LiBH,) afforded no reaction. The use of titanium instead of

aluminium Lewis acid gave low chemical yield (38 %) and no enantioselectivity (entry

0 ;
@ + T L com
‘ CO,'Bu

Table 11. Asymmetric Michael-réactic tyl malonate to cyclohex-2-enone
catalyzed by several 4'-&:----'- ------------ 7‘—'~=E,

entry metal ‘m teld® (%) ee™%(%)
1 LiAlH; 15h 86 88 (S)
. . ‘a .Y | e 0
: E@uﬂ@ﬁ’lﬂﬂﬁﬂ e, :
4 _NaOH+AIOPr): ¢ 3d & 26 0
L Ao AR TN Y o

*The progress of the reaction was monitored by TLC until the consumption of cyclohex-2-
enone. °Isolated yield. °Enantiomeric excess was determined by chiral GC. 4Absolute

configuration was determined by comparing the specific rotation with that of literature data.
“No reaction.
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3.5 Application of the catalyst to other Michael-type additions

To extend the range of substrates and to investigate the scope and limitation of
the catalyst, the catalytic asymmetric Michael reaction of several nucleophiles such as
di-tert-butyl malonate, nitroalkane, or other active methylene compounds and cyclic
and acyclic enones had been studied (Table 12). Although the addition of di-zerz-butyl
malonate to 2-cyclopentene gave the desired product (72) in high yield, the
enantioselectivity was only moderate (Table 12, entry 1). The analogous asymmetric

Michael additions of di-tert-butyl malonate acyclic enones provide the expected

3) but no enantioselectivity was
wch as—miremethane, nitroethane, and 2-

nitropropane as nucleophilc one, the Michael adducts were

OLa00 u Q CY R
- \\\’\\ on was not clean due to the

obtained in low yields (Tab

formation of disubstitut€d Mickagl Adduets: su \ and 90. Furthermore, other

nucleophiles such as acgi 1,3-diketone were not able
to act as nucleophiles for ghesgrea -, T ble 17 ntries 7-9). The greater acidity of
these compounds make the . ‘and therefore are not quite as good in
adding to the soft enones acgordist o t acld base theory. In most cases no
enantioselectivities were observe b im some reactions, the enantioselectivity

could not be determinee

"'r_‘
- - —

Y
0 0 Om O
Lty ﬂé“% S

9 W'W ma TR ANLDAY
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Table 12. Asymmetric Michael reaction of several nucleophiles such as di-zerz-butyl
malonate, nitroalkane, and carbonyl derivatives to cyclic and acyclic enones catalyzed
by 10 mol % of LiAlH4:87e (1:1) complexes.

o R O
U
R./\)LR CH,(CO,Bu), Bl C\').,\/U\R
L;;xl-ngand Coeru

(0]

n=1,2 : r Y
RSO, L ‘// Y:-CH,NO,, malonate and other

methylene compound

entry ketone = nucleophile product  yield® (%) ee” (%)
1 2-cyclopentenon 1 g:: - ~ 83 50 (S)
2 R=R’=Ph A didieri-ont \ 75 0°
R = Ph, R = 2-NQgP w1 35 .
cyclohex-2-enofie 60" *
cyclohex-2-eno 54f .
cyclohex-2-enone # ‘ 73 45 L

cyclohex-2-enone

cyclohex-2-enone

0 N O W s W

cyclohex-2-epe

*Isolated yield. "Enantio Jl GC. °Absolute configuration
was determined by compasiig the specific rotation with that iterature data. “determined by
chiral HPLC (OD column). lpt etermined. Not e. ®No reaction

3.6 Absolute w@HHq Qﬂﬂ Qﬂ? nﬁ] ’] ﬂ ‘j
- oK1V IL LYY A

adduct in 6 M HCI followed by esterification with diazomethane to give the known

ester 95, from which comparison of the optical rotation can be less ambiguous.

0 Q 0
6.0 M HCI i‘;l\ CH;N, ij\
CO,'Bu  refuxing, 9h CO.H CO,Me
 §
70 CO,'Bu 94 (R)-(+) 95

(5)-(-) 95
Figure 52. Decarboxylation and esterification with diazomethane of the Michael adduct
70.
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In this work, the absolute configuration of Michael adduct 70 were determined
by measurement of the optical rotation of the ester 95 prepared by Yamaguchi. The
value obtained was [o]p 2® = +4.26 (from ligand 87d as catalyst, 86 % ee according to
chiral GC). The optical rotation of the methyl ester 95 ([a.]p>® = +4.26 (CHCl3, ¢ 1.7))
was lower than that of the reference ([a]p>> = +12.0 (CHCls;, ¢ 2.9)) but these clearly
confirmed absolute configuration of the product as “R”. The possible reason for this
large difference may be due to partial racemization during the transformation.

The possibility of the reacti s shown in Figure 53. The reaction

of a lithium enolate (II) deri d an enone should lead to an

aluminium enolate (III) in Then, the

renolate reacts with aluminium
enolate to give the enantiomerie jurm

o] . 7 snolaté (1V). Furthermore, this enolate (IV)
: : =
./ ACi 'malonate to give the desired

would abstract a hydrogen g
Michael adduct.

7

Figure. 53. Proposed mechanistic pathway of Michael addition.

The observed stereochemistry could be rationalized from the proposed transition
state model illustrated in Figure 54. In the transition state model, the Si-face of the
alkene double bond is shielded by the (R) ligands, leaving the Re-face open for the

attracted to afford an (R)-configuration at the chiral center formed in the reaction.
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Likewise this model can explain the formation of the (R)-product when (R)-ligands

were used.

Si-face (black)

~

b} zo
Re-face ( R,
more favorab ~:_~___ z favorable
o | N .‘\‘- . . o, .
Figure 54. The propoggdffaasilion statc symmetric Michael addition.
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