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Abstract

In the presence of a catalytic amount of Ry@Ph)s, a cross-coupling of 3-buten-2-ol (2) with aldehydes and imines was developed via
a tandem olefin migration—aldol-Mannich reaction in bmimfP®/ith In(OAc); as a co-catalysty-vinylbenzyl alcohol (4) and aldehydes
underwent similar coupling reactions. Compared with aqueous and other organic solvents, complementary diastereoselectivity was observed
with ionic liquid as the solvent. The ionic liquid/catalyst system could be reused at least five times without loss of activity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction by-products)9a]. They also found that the combination of
RhCI(PPh)3/BuLi is an effective catalyst for the coupling
Aldol and Mannich-type reactions are among the most of allyl alcohols with aldehydes. However, no reaction was
important C—C bond forming reactions in organic synthe- observed without the lithium co-reagd@ab].
sis. However, under the classical aldol reaction conditions, Recently, interest in the development of organic reactions
side reactions such as dimerization, polymerization, and in environmentally friendly media, i.e. “green solvents,” has
self-condensation also occli]. The classical Mannich re-  been growing10]. For aqueous aldol-type condensations,
action also has its limitatiorj2]. An importantimprovement ~ Chan developed the tin and zinc-mediated cross-couplings of
over the classical aldol and Mannich reactions is the Lewis halo-ketones with aldehyd¢l1]. Lubineau[12] Kobayashi
acid-catalyzed condensation of enol silyl ether with carbonyl [13], Loh and co-workers[14,15] developed aqueous
compounds (Mukaiyama aldol reactid8] and imineg4]. Mukaiyama-type reactions. Also, aqueous Mannich-type
More recently, Trost reported a highly efficient formation reactions were realized by Kobayaghba] and Akiyama
of aldol-type products via vanadium-catalyzed coupling [16b] using silyl enol ethers or silyl ketene acetals.

of propargyl alcohols with aldehydefs]. Other recent Another group of promising green solvents that have
developments include hydrometalation-aldé] and C-H gained much attention recently are “ionic liquid€7a,b]
activation-aldol reactions of carbonyl compourd$. Al- Their nonvolatile nature gives them a significant advantage

ternatively, Motherwell developed the Rh- and Ni-catalyzed in minimizing solvent consumption. Their polarity ren-
isomerization of allylic lithium alkoxide to lithium enolate  ders them good solvents for transition metal catalysis and
that undergoes further aldol reacti{8]. Grée recently re-  therefore good reaction media for homogeneous catalysis
ported the isomerization of allyl alcohol to enol catalyzed [17c]. Because of their unique solubility properties, i.e. a
by Fe(COj under photolytic conditions, which then reacted miscibility gap between water and organic solvents, they
with aldehydes to give aldol products (together with other have become interesting candidates for separation processes
by simple liquid-liquid extraction with either aqueous or
* Corresponding author. Tel#1-504-862-3574; Conven_tlonal orga_nlc SOIVenBS_]' . .
fax: +1-504-865-5596. Previously, during our studies of developing air- and
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Table 1

OH
Nis OH i
R/,\/\/ R/\/ Screening of Ru and Rh catalysts=£Rh)
[Ru] Entry Catalyst (5 mol%) Time (h) Solvent Yield (%)
OH o 1 Rw(CO)2 5 I.L. 0
R/\/\,/ — A 2 RuCp 5 L. 0
Rul 3 Ru(CO)(H)(PPR); 5 L. 0
4 Ru(CODY-BF, 5 L. 0
Fig. 1. Ruthenium-catalyzed olefin migration in water. 5 Rh(PPB)sCl 5 L. 0
6 [Rh(COD)CI} 5 L. 0
. . 7 RuChL(PPh)3 1.5 I.L. 81
a catalytic amount of Rug(PPh)3, functional groups of g RUCh(PPh)3 5 IL+EGN(Beq) 12
homoallyl alcohols and allyl alcohols underwent rearrange- 9 RuCh(PPh)3 5 L. +MsOH(3eq.) 26

ment in air and waterHig. 1, path a). A side product of the
isomerization is the formation of a ketonEid. 1, path b)

[19]. The formation of this product was rationalized by the @nca, B-unsaturated ketone. A small amount of 2-butanone
competing process involving the break of the allylic C-H Was detected by GC, although exact quantification was dif-
bond (instead of the C—O bond) to form a ruthenium-enol ficult to achieve because of the volatility of the ketone. A

Comp|eX, which then tautomerised to give the ketm control reaction of methyl ethyl ketone with ben2a|dehyde
We postulated that in the presence of an aldehyde, such ainder the same reaction condition was carried out and only
ruthenium-enol complex might be captur@d]. Our previ- starting material was recovered after 24 h. Other popular Ru

ous work reported the successful capture of the intermediate@nd Rh catalysts were also examined without much success
by aldehydes to afford aldol-type products in wg@g]. In (Table ) Addition of either acid or base decreased the re-
addition, the cross-coupling of imines with allyl alcohols activity of the catalytic systenT@ble 1 Entries 9 and 10).
generated Mannich-type reaction products efficiently under Subsequently, the cross-coupling reactions between a vari-
similar conditions in methandR3a]. Although these reac- €ty of aldehydes/imines and allyl alcohols were examined
tions were successful, an organic co-solvent was sometimeginder similar reaction conditions.

required. It would be more desirable to avoid such organic

co-solvents. Recently, we reported our prelimnary studies 2.1. Cross-coupling between aldehydes and allyl alcohols

of a tandem olefin migration-aldol reaction in ionic lig-

uid [23b]. Herein, we described the detailed results of the A variety of aromatic aldehydes were examined under

reaction between aldehydes and imines with allyl alcohol similar reaction conditionsScheme 1Table 2. In most
catalyzed by RuG(PPH)s in ionic liquid. cases, the desired aldol products were obtained in good

yields even with less reactive aldehydes such as 2-naphthal-

dehyde op-anisaldehyde. The only exception was 4-hydro-
2. Results and discussion xybenzaldehyde, with which a very low yield was achieved.

One plausible explanation was the hydroxy group on the

In many applications ionic liquids with weakly coordina- benzene ring coordinating with and deactivating the ruthe-

ting anions, such as BF and Pk~, together with suit- nium catalyst. Compared with other solvents such as water
ably substituted cations, often result in an altered chemical and water—organic solvent mixture (entrigs12, and 13,
reactivity of the dissolved catalyst and therefore improve Table 2, ionic liquid provided higher activity from the cata-
both reactivity and selectivitj17]. Among the commonly lyst, with improved yield and shortened reaction time. More-
used ionic liquids, 1-butyl-3-methylimidazoliumhexafluoro- over, the results exhibit a “reverse” trend in the reactivity
phosphate ([bmim]P4 is a popular reaction medium for a  of aldehydes as compared to aldol condensation in organic
wide variety of transition metal catalyzed organic transfor- solvents and aqueous solutions (entiiesnd 14, Table 2,

mations such as hydrogenatig@4] oxidation,[25] hydro- in which electron-deficient aldehydes give better yields and
formylation, [26] oligomerization[27] etc. electron-rich substrates normally result in low yields or no

In initial explorations, when 3-buten-2-ol was stirred reaction. Although a detailed explanation is unavailable at
with benzaldehyde and a catalytic amount of RiBPh)3 this moment, this trend could be a result of the unique sol-

(5mol%) in [bomim]PR for 24h at room temperature, no Vvation properties of the ionic liquid, where more polarized
desired product was obtained. When the mixture was heated

at 90°C in an oil bath, the reaction mixture became homo- o o

geneous and a smooth reaction occurred to give the desired oH cat. RuCK(PPha); oH 2

aldol product (with asyn:anti ratio of 71:29, stereochem- RJm ’ \)\Me [bmim]*PFg R)\HLMe +RJ\/U\Me
istry determined by comparison with literature data) 13 in 90RC Me e

81% isolated yield. Decomposition of the desired product ! 2 sa 3

was observed after a prolonged reaction time, e.g. overnight,
possibly due to elimination of the hydroxy group to give Scheme 1.
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Table 2 Table 3

Coupling of aldehydes with allylic alcohol in ionic liquid Screening of Lewis acid co-catalyst

Entry Aldehyde (R) Solvent Time Yield  Syn/anti® Entry Co-Catalyst (10 mol%) Time (h) Yield (%)

h %)2
. 0 ) 1 CuBp 4 8

1 Ph lonic liquid 15 81 71/29 2 Cu(OTfp 4 11

2 mF-CsHy lonic liquid 15 68 68/32 3 Sc(OTfy 4 10

4 p-Br-CsHg lonic liquid 1 79 75125 5 Yb(OTH, 4 0

6 p-Ph-GsHa lonic liquid 1 84 71/29

7 2-Naphthyl lonic liquid 2 94 69/31

8  nCrHss lonic liquid 1 67 37/63 We speculated that in order to decrease the production of
9 Diphenylmethyl lonic 'I'_qu'_d 2 46 16/84 propiophenone and increase the yield of aldol product, a
10 2-Phenylethyl - lonic liquid 2. %2 3s/67 Lewis acid was needed to activate the aldehyde. Through
11 Cyclohexyl lonic liquid 2 65 42/58 . . .

12 pChkCeHa H,0 5 35 60/40 screening Table 3 of common Lewis acids, In(OAg)

13 p-Cl-CgHa H,O—toluene (4:1) 5 70 76/26 was found to be an excellent cocataly$alfle 3 entry 6)

14 2-Naphthyl HO-toluene (4:1) 5 44 63/37 [23]. Using the catalyst system [Ru@PPH)s (5mol%)

2 Isolated yields were reported. + In(OAc)z (10 mol%)], the yield of the aldol product was
b The diastereoselectivity was based’shNMR analysis of the crude  increased dramatically to 83% (entriegersus2 in Table 2.

products. However, under the same conditions, no reaction occurred

between propiophenone and benzaldehyde, which ruled out
electron-deficient aldehydes tend to be more readily solvateda mechanism involving a ketone formation-aldol reaction.
by anions and cations of the solvent and therefore are lessThe cross-coupling of allyl alcohat with other aldehy-
likely to be approached by catalyst-activated enols. Never- des gave the desired aldol-type products in similar yields
theless, the reaction provides good substitution for other al- (45-83%) (entry2—6 in Table 4. Unlike aqueous and other
dol reactions when electron-rich aromatic aldehydes are de-organic solvents, thanti product was preferred regardless
sired reactants. The diastereoselectivity remains relatively of the substrate, although the diastereoselectivity was not

consistent, favoring theyn product. very significant. Moreover, unlike the cross-coupling with
The reaction of 3-buten-2-ol with aliphatic aldehyde in allyl alcohol 2, the electron-rich aldehydes gave a lower
[bmim]PFs was also examinedSgcheme 1Table 3. Un- yield than electron-deficient substrates. When benzaldehyde

like the aqueous condition, the reaction went smoothly in was treated with 4-phenyl-2-hydroxy-3-butene, elimination
ionic liquid with all aliphatic aldehydes, although the yields of water from the alcohol took place, which indicates that
were considerably lower than for aromatic substrates. It the migration of the double bonds could become difficult
was also observed that unlike aromatic aldehydes, which by stabilizing it with conjugated aromatic systems.

gave a relatively constargyn-anti ratio, the diastereose-

lectivity in the condensation of aliphatic aldehydes was 2.2. Cross-coupling between imines and allyl alcohols
substrate-dependent, favoring thati product. However,

when this catalytic system was applied to ketones, neither Our success with the aldol-type reaction led us to explore
aromatic nor aliphatic substrates gave satisfactory yields. related coupling between allyl alcohols and imines to gen-
Work is in progress to increase the conversion rate of ketoneerate Mannich-type reaction produc&cheme 3Table 5.
condensation and subsequently broaden the application ofAs a model study, imines were generated in situ from alde-

this methodology. hydes angb-anisidine, and the reactions between imines and
To improve the limitation of the substrate in our previous 3-buten-2-ol 2) were carried out at 90C (oil bath temper-
investigation,[23b] aldol reactions betweea-vinylbenzyl ature) using RuG(PPhy)3 as a catalyst. The desired Man-

alcohol @) and aromatic aldehydes were examined nich products were obtained efficientlg¢cheme 3Table 5.
(Scheme 2and Table 2. However, under the same condi- Compared with other solvents, ionic liquids resulted in a
tions, reaction of benzaldehyde witlgave the desired aldol  faster reaction with a higher yield (entri8s8 and9). Un-

product with low yield. Most of thex-vinylbenzyl alcoho¥ like in the aqueous medium, where aldol products were also
was converted into propiophenone, which resulted from the formed as a result of decomposition of imine, only Mannich
olefin migration through the path b as describedrig. 1 products were detected in ionic liquids.
o OH RuCl,(PPhs),/ In(OAc) R R
cat. Ru n c
)k + \)\Ph S ’ ArMPh * ArMPh
Ar H bmim[PFg] Me Me
4 90°C syn anti

Scheme 2.



150 X.-F. Yang et al./Journal of Molecular Catalysis A: Chemical 214 (2004) 147-154

Table 4

Aldol-type reactions between allyl alcohodsand aldehydeq in ionic liquid

Entry Substrate Ar Catalyst Product Ar Yield (%) Syn/anti®
1 Ph RuCh(PPh)s (5mol%) Ph 7 45/55
2 Ph RuCh(PPh)3 (5 mol%) + In(OAc)3 (10 mol%) Ph 83 43/57
3 p-Cl-Ph RuCh(PPh)z (5 mol%) + In(OAc)z (10 mol%) p-Cl-Ph 80 47/53
4 p-Br-Ph RuCH(PPH)3 (5mol%) + In(OAc)z (10 mol%) p-Br-Ph 75 44/56
5 2-Naphthyl RuCi(PPH)3 (5mol%) + In(OAc)z (10 mol%) 2-Naphthyl 45 46/54
6 p-Me-Ph RuC4(PPh)3 (5 mol%) + In(OAc)3 (10 mol%) p-Me-Ph 70 38/62

a |solated yields were referred.
b gyn/anti were determined by théH NMR of the product mixture.

_Ar _Ar
N oH cat. RuCl,(PPhg)s H 1% M
A7 \/\Me R Me ¥ RN Me
R H bmim[PFg], 90°C E
Me Me
2
syn anti
Ar = p-MeOPh-
Scheme 3.
Table 5 Table 6
Coupling of imines with allyl alcohol in ionic liquid Recycling studies of ru-ionic liquid catalytic system
Entry Imine (R) Solvent Time Yield Syn/anti? Cycle Yield (%) Syn/anti Time (h)
(h  »¢

—— 1 92 7228 2
3 p-Cl-CgHa Ion!c I!qu!d 2 79 58/42 4 93 70/30 3
4 p-Br-CgHgy lonic liquid 2.5 72 50/50 5 88 70/30 4
5 p-MeO-GsH4  lonic liquid 3 84 53/47
6 o-Me-CgHa lonic liquid 3.5 70 43/57
7 2-Naphthyl lonic liquid 3 75 54/46
8 p-Cl-CgHg MeOH 10 68 59/41
9 p-Cl-CeHs  HyO-toluene (1:4) 10 38 55/45 A tentative mechanism for the product formation is de-

a solated yields were reported. picted in Fig. 2 The ruthenium com_plex isomerizes _the
b Diastereoselectivity was based H NMR analysis of crude prod-  @llyl alcohol 2 or 4 to an enol that is coordinated with
ucts. the ruthenium catalyst; an in situ coupling between the
enol-ruthenium complex with the aldehyde or imine gener-
ates the aldol or Mannich-type product. The formation of a
primary syn isomer {Tables 1-3is consistent with previous
Y studies on aldol- or Mannich-type reaction with silyl enol

X
) )\HLME oH ether[16,22]
r
R)\/

2.3. Recycling of the ionic liquid/catalyst system
[Ru]
)k Having established the viability of this reaction, attention
Ar H was focused on recycling the Ru catalyst in [bmingPF
2-Naphthaldehyde was used as a substrate in view of the
oH high conversion rate. After ether extraction of the product,

R[ ]/'V . & the ionic phase was dried in air, and the catalytic system was
Ru

b \[Ru] reloaded with 2-naphthaldehyde and 3-buten-2-ol for the
OH J next run. As shown ifTable § the solvent/catalyst system
- )\\// could be reused at least five times with essentially no loss
| of activity. It remains to be established whether this high
recycling efficiency can be achieved with other aromatic and
Fig. 2. Tentative mechanism for the catalytic tandem reaction. aliphatic aldehydes.

R=Me or Ph
X=0 or p-MeO-Ph-N
Y=H H—[Ru]
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3. Conclusions J = 3.6 Hz), 3.20 (brs, 1H), 2.79 (dq, 1H,= 3.6, 8.0 Hz),
2.17 (s, 3H), 1.04 (d, 3H/ = 7.2 Hz); 13C NMR (CDCk,

In summary, we have developed an aldol-type and a 100 MHz, ppm):s 213.9, 164.3, 161.9, 144.6(2), 130.2(2),
Mannich-type reaction via the cross-coupling of aldehydes 121.6(2), 114.5, 114.3, 113.3, 113.1, 72.2(2), 53.0, 29.5,
and imines with allylic alcohols catalyzed by Ry(Ph)3 10.0; IR (film, cn1) 3436, 2937, 1708, 1591, 1449, 1359,
in ionic liquid. The solvent/catalyst system is very reactive 1245, 1179, 1133, 1028; HRM®?z calcd. for G1H1302F:
and can be reused at least five times without loss of activity. 219.0792(M+ Na), 197.0972(M+ H); found 219.0793(M
The scope, mechanism, and synthetic applications of the Na), 197.0970(M + H) (ant)): H NMR (CDCls,
reactions are currently under investigation. 400 MHz, ppm):8 7.26-7.33 (m, 1H), 7.02—-7.09 (m, 2H),
6.94-7.00 (m, 1H), 4.73 (dd, 1H, = 3.6, 8.0 Hz), 2.97 (d,
1H, J= 3.6 Hz), 2.83-2.92 (m, 1H), 2.20 (s, 3H), 0.95 (d, 3H,
J = 7.2Hz); 13C NMR (CDCk, 100 MHz, ppm):§ 213.5,

41 General 164.4, 161.9, 144.8(2), 130.3, 130.2, 122.5(2), 115.2, 115.0,
113.8, 113.6, 76.0, 53.6, 30.3, 14.3; IR (film, thh 3426,

Commercially available chemicals were used directly 2924, 1708, 1591, 1451, 1359, 1246, 1170, 1023; HRMS
as received. The flash chromatography employed E.Merckzcalcd. for GiH1302F: 219.0792(M+ Na), 197.0972(M
silica gel (Kiesegel 60, 230-400 mesh) purchased from + H); found 219.0793(M+ Na), 197.0970(M+ H).

Scientific Adsorbents. High-resolution mass spectrometry
was performed at the Institute of Chemistry, the Chinese 4.4.2. 1-(4-Methoxyphenyl)-1-hydroxy-2-methyl-3-
butanone (syn)

Academy of Sciences. 1H NMR (CDCls, 400 MHz, ppm) 7.19—7.24 (m, 2H),
6.83-6.87 (m, 2H), 4.99 (d, 1H] = 4.0 Hz), 3.77 (s, 3H),
2.91 (brs, 1H), 2.79 (dg, 1H] = 4.0, 8.0 Hz), 2.10 (s, 3H),
A mixture of the aldehyde (0.1 mmol), allyl alcohol 1.08 (d, 3H,J = 7.2Hz); 3C NMR (CDCk, 100 MHz,
(0.25mmol) and RuGl(PPhy)3s (0.005mmol, 5mol%) in ppm):§ 213.9, 159.1, 134.1, 127.3, 113.9, 73.1, 55.5, 53.5,
bmim[PFs] (0.3ml) was stirred at 90C (oil bath temper- ~ 29.8, 10.7; IR (film, cm!) 3435, 2936, 1707, 1611, 1513,
ature) in a sealed reaction vial for 1-2 h until the aldehyde 1357, 1248, 1176, 103iti): *H NMR (CDCls, 400 MHz,
was completely consumed (monitored by TLC). Then, the ppm): § 7.19-7.25 (m, 2H), 6.83-6.88 (m, 2H), 4.67 (d,
reaction mixture was cooled to room temperature and ex- 1H, J = 8.4Hz), 3.78 (s, 3H), 2.83-2.91 (m, 1H), 2.75
tracted with diethyl ether (% 2ml). The combined ether  (brs, 1H), 2.20 (s, 3H), 0.88 (d, 3H,= 8.4 Hz); 13C NMR
phase was washed with brine and dried over anhydrous(CDCl3, 100 MHz, ppm):§ 213.8, 159.5, 134.3, 128.1,
NaSOs. The mixture was then concentrated under a re- 114.1, 76.3, 55.5, 54.0, 30.2, 14.3; IR (film, Th 3428,
duced pressure. The residue was purified by flash chro-2934, 1706, 1611, 1513, 1249, 1176, 1032; HRMi&
matography on silica gel to afford the aldol-type product.  calcd. for GoH1603: 208.1094, 231.0992(M- Na); found
208.1095, 231.0991(M- Na).

4. Experimental

4.2. Cross-coupling between aldehydes and allyl alcohols

4.3. Cross-coupling between imines and allyl alcohols
4.4.3. 1-(4-Phenylphenyl)-1-hydroxy-2-methyl-3-butanone

A mixture of the aldehyde (0.1 mmol) anmgtanisidine (syn)
(0.1 mmol) in bmim[PE] (0.3 ml) was heated in an open 1H NMR (CDCl3, 400 MHz, ppm):$ 7.54-7.59 (m, 4H),
reaction vial at 100C (oil bath temperature). Evaporation 7.30—-7.45 (m, 5H), 5.15 (d, 1H] = 3.6 Hz), 3.08 (brs,
of water was observed immediately. After 1h, allyl alco- 1H), 2.86 (dgq, 1H,J = 3.6,8.0), 2.17 (s, 3H), 1.11 (d,
hol (0.25 mmol) and RuG({PPh)3 (0.005 mmol, 5mmol%)  3H, 7.2 Hz);13C NMR (CDCk, 100 MHz, ppm):§ 214.0,
was added and the reaction vial was sealed and heated at41.0, 140.4, 129.0, 127.5, 127.3, 127.2, 126.6, 72.9, 53.3,
90°C for 2-3.5 h. Then, the reaction mixture was cooled to 29.6, 10.4; IR (film, crm?) 3439, 2926, 1703, 1486, 1358,
room temperature and extracted with diethyl ether23nl). 1178, 1008; HRMSm/z calcd. for G7H1g02: 254.1301;
The combined ether phase was washed with brine and driedfound 254.13084dnti): *H NMR (CDClz, 400 MHz, ppm):
over anhydrous N&0Oy. The mixture was then concentrated § 7.55-7.59 (m, 4H), 7.31-7.45 (m, 5H), 4.78 (d, 1H=
under a reduced pressure. The residue was purified by flast8.0 Hz), 2.91-3.00 (m, 1H), 2.85 (brs, 1H), 2.85 (brs, 1H),
chromatography on silica gel to afford the Mannich-type 2.23(s, 3H), 0.97 (d, 3H/ = 7.2 Hz); 3C NMR (CDCl,

product. 100 MHz, ppm):§ 213.7, 141.1(2), 141.0, 129.0, 127.6,
127.5,127.3(2), 76.5, 53.8, 30.3, 14.4; IR (film, TH3426,
4.4. Characterization of hew compounds 2926,1708, 1485, 1357,1241, 1170, 1008; HRM3calcd.

for C17H1802: 254.1301; found 254.1308.
4.4.1. 1-(3-Fluorophenyl)-1-hydroxy-2-methyl-3-butanone

(syn) 4.4.4. 1-(2-Naphthyl)-1-hydroxy-2-methyl-3-butanone (syn)
IH NMR (CDCl3, 400MHz, ppm):§ 7.24-7.31 (m, H NMR (CDCl3, 400MHz, ppm):§ 7.79-7.84 (m,
1H), 7.03-7.08 (m, 2H), 6.90-6.96 (m, 1H), 5.12 (d, 1H, 4H), 7.42-7.50 (m, 2H), 7.35-7.39 (m, 1H), 5.26 (d,
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1H, J = 3.6Hz), 3.25 (brs, 1H), 2.92 (dg, 1H] = 2931, 1707, 1590, 1513, 1449, 1241, 1037; HRN&
3.6,8.0Hz), 2.16 (s, 3H), 1.09 (d, 3H/ = 7.2Hz); 13C calcd. for GgH2002NF: 301.1472; found 301.1472.

NMR (CDClz, 100 MHz, ppm):§ 214.0, 139.3, 133.4,

133.0, 128.2, 127.9, 126.4, 126.1, 125.0, 124.1, 73.2, 53.2,4.4.7. 1-(4-Chlorophenyl)-1-(p-methoxyphenylamino)-2-

29.6, 10.3; IR (film, cml) 3429, 2980, 1709, 1413, 1358, methyl-3-butanone (syn)

1177, 1022; HRMSnvVz calcd. for GsHi602: 228.1145, 1H NMR (CDCls, 400 MHz, ppm):s 7.12—7.23 (m, 5H),
251.1042(M+ Na); found 228.1144, 251.1039(M Na) 6.56—6.63 (m, 2H), 6.32—6.40 (m, 2H), 4.56 (d, 1H~=
(anti): 'H NMR (CDCl3, 400 MHz, ppm):8 7.79-7.85(m, 5.6 Hz), 3.61 (s, 3H), 2.85-2.93 (m, 1H), 2.04 (s, 3H), 1.00
3H), 7.73-7.76(m, 1H), 7.44-7.50(m, 3H), 4.90(d, 1H, (d, 3H, J = 7.2); 13C NMR (CDCk, 100 MHz, ppm):

J = 8.0Hz), 2.98-3.07(m, 1H), 2.95(brs, 1H), 2.22(s, 3H), § 209.5, 151.3, 139.7, 139.1, 131.8, 127.8, 127.2, 113.8,
0.94(d, 3H,J = 7.2Hz); 13C NMR (CDCk, 100 MHz, 113.7, 58.0, 54.6, 52.4, 28.1, 14.1; IR (film, ch 3396,
ppm): § 213.7, 139.5, 133.4, 133.3, 128.7, 128.2, 127.9, 2932,1709, 1622, 1510, 1245,1178, 1091, 1035; HRMS
126.5,126.3, 126.1, 124.4, 53.7, 30.4, 14.4; IR (film;éjn calcd. for GgH2002NCI: 317.1177; found 317.117&ufti):
3415, 2929, 1707, 1358, 1239, 1172, 1021; HRNh& 1H NMR (CDClz, 400 MHz, ppm):8 7.13-7.24 (m, 5H),
calcd. for GsH1602: 228.1145, 251.1042(M- Na); found 6.55-6.62 (m, 2H), 6.31-6.40 (m, 2H), 4.32 (d, 1H~=

228.1144, 251.1039(M- Na). 7.6 Hz), 3.61 (s, 3H), 2.84-2.94 (m, 1H), 2.00 (s, 3H), 1.03
(d, 3H, J = 7.2Hz); 3C NMR (CDChk, 100 MHz, ppm):

4.45. 1-Phenyl-1-(p-methoxyphenylamino)-2-methyl-3- § 211.0, 151.2, 139.6, 138.8, 132.0, 127.8, 127.3, 113.8,

butanone (syn) 113.7, 59.8, 51.8, 28.4, 9.9; IR (film, crh) 3423, 2931,

IH NMR (CDCls, 400 MHz, ppm):s 7.18-7.32 (m, 5H), 1709, 1621, 1507, 1253, 1093, 1032; HRM# calcd. for
6.62—6.67 (m, 2H), 6.41-6.48 (m, 2H), 4.65 (d, 1H= C18H200oNCl: 317.1177; found 317.1178.
5.2 Hz), 3.66 (s, 3H), 2.95-3.07 (m, 1H), 2.09 (s, 3H), 1.06
(d, 3H, J = 7.2Hz); 13C NMR (CDCk, 100 MHz, ppm):  4.4.8. 1-(4-Bromophenyl)-1-(p-methoxyphenylamino)-2-
8 211.0, 152.3, 141.6, 141.5, 128.8, 127.5, 127.2, 115.1, methyl-3-butanone (syn)
114.9, 55.9, 53.2, 29.6, 15.5, 11.3; IR (film, th) 3390, 1H NMR (CDCls, 400 MHz, ppm): 7.32—7.39 (m, 2H),
2933, 1707, 1512, 1453, 1243, 1178, 1037; HRM& 7.10-7.15 (m, 2H), 6.58-6.64 (m, 2H), 6.39-6.47 (m, 2H),
calcd. for GgHo10oN: 284.1645(M+ H); Found 284.1647  4.60 (d, 1H,J = 5.6 Hz), 3.66 (s, 3H), 2.90—-2.99 (m, 1H),
(anti): *H NMR (CDClz, 400 MHz, ppm):$ 7.17-7.33 (m,  2.10 (s, 3H), 1.05 (d, 3H/ = 7.2 Hz); 13C NMR (CDCk,
5H), 6.61-6.66 (m, 2H), 6.40-6.47 (m, 2H), 4.38 (d, 1H, 100 MHz, ppm):s 212.3, 152.5, 140.9, 140.6, 132.0, 129.0,
J = 8.0Hz), 3.65 (s, 3H), 2.87-2.95 (m, 1H), 2.01 (s, 3H), 121.4, 115.5, 115.0, 59.3, 55.8, 53.6, 29.7, 11; IR (film,
1.07 (d, 3H,J = 7.2Hz); 13C NMR (CDCk, 100 MHz, cm1) 3393, 2932, 1707, 1512, 1358, 1243, 1177, 1036,
ppm): § 212.8, 152.3, 141.4, 141.3, 128.9, 127.8, 127.3, 1009; HRMSm/z calcd. for GgH2002NBr: 362.0750 (M
115.0, 114.9, 59.8, 55.9, 54.0, 29.2, 15.3; IR (film,&n  + H); found 362.07494nti): 'H NMR (CDCls, 400 MHz,
3390.0, 2931.4, 1707.2, 1623.9, 1506.8, 1453.4, 1288.6,ppm): § 7.33—-7.39 (m, 2H), 7.09-7.14 (m, 2H), 6.57—6.64
1246.3, 1191.1, 1034.1; HRM®/z calcd. for GgH210,N: (m, 2H), 6.38-6.48 (m, 2H), 4.30 (d, 1H, = 7.6 Hz),

284.1645(M+ H); Found 284.1647. 3.61 (s, 3H), 2.85-3.00 (m, 1H), 2.01 (s, 3H), 1.03 (d, 3H,
J = 7.2Hz); 13C NMR (CDCk, 100 MHz, ppm):$ 210.7,

4.4.6. 1-(3-Fluorophenyl)-1-(p-methoxyphenylamino)-2- 152.4,140.9, 140.8, 132.0, 129.1, 121.6, 115.0, 114.9, 61.2,

methyl-3-butanone (syn) 55.9, 53.3, 29.4, 15.3; IR (film, cnt) 3364, 2931, 1705,

1H NMR (CDCl3, 400 MHz, ppm)3$ 7.25-7.30 (m, 1H), 1512, 1357, 1239, 1176, 1036, 1009; HRMtx calcd. for
6.99-7.10 (m, 2H), 6.87-6.94 (M, 1H), 6.63-6.69 (M, 2H), C18H200,NBr: 362.0750 (M+ H); found 362.0749.
6.38-6.46 (M, 2H), 4.64 (d, 1H] = 5.2 Hz), 3.67 (s, 3H),
2.93-3.01 (m, 1H), 2.11 (s, 3H), 1.06 (d, 3H= 7.2 Hz); 4.4.9. 1-(4-Methoxyphenyl)-1-(p-methoxyphenylamino)-2-
13C NMR (CDCk, 100 MHz, ppm):$ 210.6, 164.6, 162.1,  methyl-3-butanone (syn)
152.5, 144.6, 140.9, 130.4, 130.3, 122.8, 122.7, 115.0, H NMR (CDCl3, 400 MHz, ppm):§ 7.17-7.21 (m,
114.9, 114.6, 114.4, 114.2, 113.9, 59.4, 55.9, 53.0, 29.6,2H), 6.80-6.84 (m, 2H), 6.62—6.67 (m, 2H), 6.41-6.46
11.0; IR (film, cm1) 3387, 2932, 1708, 1590, 1513, 1446, (m, 2H), 4.58 (d, 1H,/ = 5.6Hz), 3.76 (s, 3H), 3.66
1241, 1038; HRMSz calcd. for GgH2002NF: 301.1472; (s, 3H), 2.90-3.00 (m, 1H), 2.06 (s, 3H), 1.06(d, 3H,
found 301.14724nti): *H NMR (CDClz, 400 MHz, ppm): J = 6.8Hz); 1°C NMR (CDCk, 100 MHz, ppm):5 211.3,
8 7.22-7.29 (m, 1H), 7.03-7.07 (m, 1H), 6.95-7.00 (m, 158.9,152.3, 141.3, 133.3, 128.1, 115.0, 114.9, 114.2, 59.4,
1H), 6.87—6.93 (m, 1H), 6.63—6.68 (m, 2H), 6.42—6.47 (m, 55.4, 53.5, 29.9, 29.7, 11.4; IR (film, crh) 3383, 2929,
2H), 4.38 (d, 1H,J = 7.6 Hz), 3.66 (s, 3H), 2.86-2.94 (m, 1707, 1607, 1511, 1247, 1177, 1031; HRMfX calcd. for
1H), 2.02 (s, 3H), 1.09 (d, 3H/ = 6.8Hz); 13C NMR C19H2303N:. 313.1672; found 313.1674dti): 'H NMR
(CDClg, 100MHz, ppm):§ 212.2, 164.6, 152.4, 144.7, (CDClz, 400 MHz, ppm):§ 7.09-7.15 (m, 2H), 6.74—6.79
140.8, 130.4(2), 122.8(2), 115.0(2), 114.7, 114.5, 114.0, (m, 2H), 6.56-6.62 (m, 2H), 6.38—6.43 (m, 2H), 4.28 (d, 1H,
113.8, 61.3, 55.9, 53.6, 29.4, 15.3; IR (film, Th) 3360, J =8.0Hz), 3.70 (s, 3H), 3.61 (s, 3H), 2.77-2.86 (m, 1H),
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1.97 (s, 3H), 1.05 (d, 3H/ = 6.8 Hz); 13C NMR (CDCl, Renewable Energy Laboratory for providing us with part of
100 MHz, ppm):s 212.8, 159.0, 152.3, 141.1, 133.5, 128.1, the ionic liquid.

115.1, 114.9, 114.2, 61.1, 55.9, 54.2, 29.9, 29.1, 15.3; IR
(film, cm™1) 3433, 2923, 1709, 1622, 1511, 1364, 1251,
1029; HRMSm/z calcd. for GgH2303N:. 313.1672; found
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