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Ionic Liquids Made with Dimethyl Carbonate: Solvents as well as Boosted
Basic Catalysts for the Michael Reaction

Massimo Fabris, Vittorio Lucchini, Marco Noe, Alvise Perosa,* and Maurizio Selva'®

Abstract: This article describes 1) a
methodology for the green synthesis of
a class of methylammonium and meth-
ylphosphonium ionic liquids (ILs),
2) how to tune their acid-base proper-
ties by anion exchange, 3)complete
neat-phase NMR spectroscopic charac-
terisation of these materials and
4) their application as active organoca-
talysts for base-promoted carbon-
carbon bond-forming reactions. Meth-
ylation of tertiary amines or phos-

with different melting points, solubility,
acid-base properties, stability and vis-
cosity. Treatment with water, in partic-
ular, yields bicarbonate-exchanged
liquid onium salts. These proved
strongly basic, enough to efficiently
catalyse the Michael reaction; experi-
ments suggest that in these systems the
bicarbonate basicity is boosted by two
orders of magnitude with respect to in-
organic bicarbonate salts. These basic
ionic liquids used in catalytic amounts

are better even than traditional strong
organic bases. The present work also
introduces neat NMR spectroscopy of
the ionic liquids as a probe for solute—
solvent interactions as well as a tool
for characterisation. Our studies show
that high catalytic efficacy of functional
ionic liquids can be achieved by inte-
grating their green synthesis, along
with a fine-tuning of their structure.
Demonstrating that ionic liquid sol-
vents can be made by a truly green

phines with dimethyl carbonate leads
to the formation of the halogen-free
methyl-onium methyl carbonate salts,
and these can be easily anion-ex-
changed to yield a range of derivatives

Introduction

We cannot emphasise too much that ionic liquids (ILs) have
elicited phenomenal interest, in particular among chemists
who develop novel systems for clean catalysis!! and also in
the chemical industry.”) A degree of controversy still exists
concerning their absolute greenness, partly because the tox-
icity and biodegradability of ionic liquids need to be fully as-
sessed, but also partly because the prediction of their prop-
erties by comparison with a structurally similar one can be
difficult for a number of reasons: 1) the number of cation—
anion pairs is limitless, 2) each ion exhibits its own proper-
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procedure, and that their properties
and reactivity can be tailored to the
point of bridging the gap between their
use as solvents and as catalysts.

carbonate -

ties, 3) each pair may behave differently, even just with re-
spect to the sum of its components and 4) any forecasted
characteristic always requires empirical confirmation. There-
fore, the prediction of physical, chemical, toxicological and
biological features of ionic liquids should be based on quan-
titative methods able to correlate their structure to the
property of interests rather than on an “intuitive similarity”
that can be misleading and often wrong.®! Examples of such
a quantitative structure—property relationship approach
were recently described and used, for example, to correlate
ionic liquid descriptors with their melting points®® and with
the partition ratios of dibenzothiophene in different ionic
liquids.” Notwithstanding the complexity of the issue, it is
accepted that in many instances ionic liquids are a viable
green alternative to conventional molecular solvents. And
that it is possible to design, optimise and apply the right
ionic liquid for one’s specific case. Phosphonium-based ionic
liquids, which have been known and used for a long time as
phase-transfer catalysts,””! are particularly appealing!”! on ac-
count of their ease of preparation with high purity, their
transparency and their higher stability toward thermal and
chemical degradation compared with the homologous am-
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monium salts. They are therefore finding increased use in
chemical applications.®*!

A limitation of ionic liquids lies in their manufacturing
process, which is frequently not green. Their synthesis, in
fact, involves two potentially environmentally adverse steps:
quaternarisation of a nitrogen or phosphorous atom, usually
by methylation with hazardous alkyl halides (e.g., CH;ClI;
Scheme 1), followed by a halogen anion metathesis step that

e Nay

@ @ €]
R,N + CH,X R;NCH, X R;NCH, Y + NaX

X = halide, 0SO,CH,

Scheme 1. Tertiary amine methylation with CH;X and halide anion ex-
change

produces equimolar amounts of an inorganic salt.”'" In ad-
dition, the materials thus prepared inevitably contain residu-
al undesirable halide ions. Although these steps can be opti-
mised in a number of ways, for example, by halide-free syn-
theses,"'™¥! they still often use hazardous and highly toxic
reagents such as methyl halides and dimethylsulfate
(DMS),™ and generate unwanted byproducts.

Quaternarisation of nitrogen (or phosphorous) generates
the ionic onium (Q7%) species, and depending on the methyl-
ating agent used, this step ends up incorporating the coun-
teranion in the IL. Therefore the choice of an alkylating
agent different from alkyl halides can circumvent inclusion
of halogens in the ionic liquids, and it can also provide safer
alternatives to the use of DMS and CH;X.

Proionic (Production of Ionic Substances, GmbH), for ex-
ample, has patented and commercialised a method for the
quaternarisation of amines, phosphines, sulfides and imida-
zoles using dialkyl carbonates that yields an alkyl carbonate
or hydrogen carbonate anion.™ The second steps involve
metathesis of the anion with a Brgnsted acid. These ionic
liquids are commercialised as water-methanol solutions with
the trademark CBILS.'"! However, the patent is cryptic on
the synthetic conditions, the characterisation, the stability
and their storage. Another report describes the electrochem-
ical synthesis of tetramethylammonium hydroxide initiated
by methylation of trimethylamine with dimethyl carbonate
(DMC).'"! Among the proposed intermediates there is tetra-
methylammonium hydrogen carbonate; however, this study
also lacks characterisation on these species.

Our longstanding interest in the use of dialkyl carbonates
as green alkylating agents, particularly of DMC,™"! was ap-
plied to the synthesis of task-specific and very pure ionic lig-
uids by means of methylation of phosphines and amines.

The initial focus was on Aliquat336 (A336), tricaprylylme-
thylammonium chloride, a largely available ammonium
phase-transfer catalyst, which is, despite its commercial dis-
tribution, highly impure due to the presence of both C;, and
C; alkyl chains, as well as of decanol and octanol. We were
able to prepare pure trioctlymethylammonium chloride by
adapting a synthesis reported by Noyori et al. using DMS,?"!
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followed by anion exchange to yield the chloride
(Scheme 1). This synthesis suffered from a number of draw-
backs including long reaction times, use of toxic DMS and
the formation of a coloured ionic liquid.”"! Our initial aim
was therefore to develop an alternative synthetic procedure
of these ionic liquids by using DMC as the green methyl
source, and to prepare pure products in relatively large
batches (2040 g).

Here we describe a route based on the use of DMC for
the synthesis for a series of new ionic liquids, in view of ap-
plications in multiphase catalysis,”” nanoparticle forma-
tion,”! and IL-mediated organic synthesis. Some of these
ionic liquids showed peculiar and very remarkable built-in
basicity and were investigated as catalysts for the formation
of carbonucleophiles. In particular, this work discusses the
synthesis of a series of methylammonium- and methylphos-
phonium-based ionic liquids by means of methylation of the
parent amines with DMC. Depending on the nature of the
anion, these ionic materials are also highly active as basic
catalysts for carbon—carbon bond-forming Michael reactions.
The study is divided into four sections that represent an in-
tegrated ionic-liquid synthesis—application methodology:
1) the halide-free preparation of a series of pure methyl-
onium (ammonium and phosphonium) ionic liquids through
the use of DMC as quaternarisation agent; 2) a simple pro-
cedure for anion metathesis with Brgnsted acids or water as
new anion source, and no use of solvents; 3) the complete
NMR spectroscopic characterisation of the ionic liquids in
the neat phase; 4) a demonstration that some members of
this category of ionic liquids are functional catalysts as well
as solvents, that is, they possess an unexpected basicity that
make them excellent organocatalysts for C—C bond-forming
reactions, even when used only 0.4 % molar with respect to
the substrate.

Results

Quaternarisation with DMC: The synthesis of the ionic lig-
uids involved the reaction of DMC with trioctylamine
(TOA) and trioctylphosphine (TOP), to yield the corre-
sponding methyl-onium methyl carbonate salts 1 and 2
[Egs. (1) and (2), respectively].

(o]
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CH,OCOCH; @ o
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CH,OH
,
CH,0C0CH e o i
CeiN == (CHNCH, 07 0™+ cH,0H @
3

2

All quaternarisation reactions were run in a sealed steel au-
toclave as the reaction temperature (>120°C) was higher
than the boiling point of DMC (90°C). The operative condi-
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tions for the methylation of TOA and TOP with DMC were
determined experimentally, starting from our previous
knowledge of the methylating activity of DMC,** by testing
different amine (and phosphine)/DMC molar ratios and dif-
ferent reaction temperatures with or without the addition of
added solvents. Attempts to carry out the reaction in the ab-
sence of added solvents, that is, simply by heating a mixture
of TOA and a 5-fold molar excess of DMC, proved imprac-
tical and yielded unidentified side products, probably due to
the immiscibility of the reagents. However, by adding equal
volumes of methanol and DMC, the reaction of TOA went
to completion at 140°C in 20 h under an N, atmosphere
[Eq. (1)]. The starting mixture was biphasic in the presence
MeOH as well due to the high lipophilicity of trioctylamine,
but it is likely that under the reaction conditions a sufficient
ratio of amine could come into contact with DMC and drive
the reaction forward. In addition, the buildup of the onium
ionic liquid may have had a promoting effect on the methyl-
ation reaction, as demonstrated in a similar case.*”!

From the resulting clear solution, the methanol and DMC
were easily removed under vacuum (107%atm, 25°C) to
quantitatively yield the pure methylammonium methyl car-
bonate salt [TOMA][CH;0COO] (2). At this stage, NMR
spectroscopic analysis showed the formation of pure ionic
liquid that incorporated up to a mole of methanol. This
could be removed only by prolonged heating and under
high vacuum (107* atm, 40°C), which, however, caused a
slow darkening of the liquid. On the other hand, since the
presence of methanol did not interfere with successive trans-
formations, it was deemed inconsequential and thereafter
disregarded. An identical procedure was used for the syn-
thesis of the phosphine equivalent [TOMP][CH;OCOO] (1)
from TOP and DMC [Eq. (2)]. In this case, a necessary pre-
caution involved eliminating oxygen completely by degass-
ing the reagent mixture by careful freeze—-pump-thaw cycles
to avoid formation of the phosphine oxide. The product was
perfectly clear and colourless and stable in air up to over
150°C. Both these syntheses could be carried out on 20-30 g
batches of TOA and TOP, thus yielding quantitatively the
desired pure product and the volatile byproducts methanol
and carbon dioxide. The products 1 and 2 were clear, colour-
less to pale yellow liquids, stable in air and could be stored
for prolonged periods of time. The phosphonium salt 1 was
perfectly colourless and more stable toward chemical and
thermal degradation with respect to the ammonium ana-
logue.

Anion metathesis: The onium (Q*) methyl carbonate ionic
liquids 1 and 2 described above reacted readily with Brgnst-
ed acids (H-A, Scheme?2) to yield the anion (A7)-ex-
changed salt along with methyl hydrogen carbonate (i.e., the
half-ester of carbonic acid). The latter was unstable above
—36°C%! and immediately decomposed to form methanol
and CO,, thus providing its built-in removal. This exchange
procedure was tested for a number of acids, and it involved
mixing the precursor ionic liquid with the acid under air,
then gently heating (50°C) and finally removing methanol
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Scheme 2. Reaction products of onium methyl carbonates with Brgnsted
acids.

and CO, under vacuum to yield the pure products. It proved
simple, rapid, clean and free of any work-up steps.

The outcome was different using water instead of HA.
Water promoted transformation of the methyl carbonate
anion into the hydrogen carbonate anion to yield [TOMP]-
[HOCOO] (10) and [TOMA][HOCOO] (11) [Eq. (3)].")
Both the resulting 10 and 11 were deliquescent white solids
at room temperature.

o)

®
g _CH. + H,0
eo)ko CH, + Hy

< j\ CH,OH (3)
Q + CHy
0" oH
10, 11

The syntheses of [TOMP][NTf,] (12; NTf, =bis(trifluorome-
thane)sulfonimide) and [TOMA][NTT,] (13) represented the
only exceptions to the above anion-exchange procedures.
Thanks to the lypophilic character of the NTF, anion, the
desired ionic liquids could be precipitated out of an aqueous
solution of 1 and 2 simply by the addition of LiNTT, .

Table 1 shows a summary of the compounds discussed in
this study. It should be noted that the tosylate salts 7 and 8
are listed only in the table. They are not quoted elsewhere
due to their excessively high melting point, which inhibited
the acquisition of neat NMR spectra at the operating tem-

Table 1. List of ionic liquids described in this study.

Compound Q7 A~ M.p. [°C] Anion precursor
1 TOMP CH,0COO0  <0W -

2 TOMA <ol

3 TOMP  CF,COO 2324  CF,COOH

4 TOMA nd®

5 TOMP NO, <ot HNO,

6 TOMA <ol

7 TOMP  TosO 96-98  TosOH

8 TOMA 108-110

9 TOMA  L-Phe <0t L-phenylalanine
10 TOMP HOCOO ~ 250 H,0

1 TOMA ~ 250

12 TOMP  NTIf, <ot LiNTf,

13 TOMA <0

14 THMA CH,0CO0  <0W -

[a] Remained liquid below freezing. [b] nd=not determined. [c] Deli-
quescent.
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perature of 60°C chosen for all the other products (see fur-
ther on). Also not mentioned elsewhere is [THMA]-
[CH;0COO] (14), included to show that shorter-chain
amines undergo the same reaction.

NMR spectroscopic characterisation: '"H and “C{'H} NMR
spectra of the ionic liquids were acquired neat, that is, with-
out mixing them with other (e.g., deuterated) solvents. A
calibrated glass capillary filled with [D4]DMSO, coaxially in-
serted into the NMR spectroscopy tube, was used to lock
the NMR spectroscopic signal. All the spectra are described
in the Experimental Section and collected in the Supporting
Information. Incredible natural-abundance double-quantum
transfer experiment (INADEQUATE) and heteronuclear
correlation experiments were used to assign each carbon
atom along the aliphatic chains.

[TOMP][CH;0COO] (1) and [TOMP][HOCOO] (10)-cat-
alysed Michael reactions: Both the [CH;0COO] and
[HOCOO)] anions were expected to impart medium to good
basicity to 1 and 10. This prompted us to investigate these
ionic liquids for the generation and use of carbonucleo-
philes. The Michael reaction of nitroethane with cyclohexe-
none was chosen as a probe of their efficiency [Eq. (4)].*")

O (o]
different
(o o
NO, catalysts
15 NO:

Conditions: 40 °C, 2 h, no solvent

It was immediately apparent that compounds 1 and 10 were
unexpectedly active as strong bases, so much so that they
needed not be used as functional solvents (i.e., in large
quantities), but could be employed in truly -catalytic
amounts (0.004 molar equivalents with respect to cyclohexe-
none). A series of experiments was therefore carried out
with catalytic amounts of 1 and 10 on the model reaction
[Eq. (4)], and these were compared to results obtained using
conventional basic catalysts able to generate carbonucleo-
philes, such as sterically hindered tertiary organic amines
(1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 4-dimethylami-
nopyridine (DMAP) and 1,4-diazobicyclo[2.2.2]octane
(DABCO)), phosphazene base P;-rBu, sodium bicarbonate
and sodium hydroxide. A screening in search of the optimal
molar ratio between catalyst 10 and cyclohexenone indicat-
ed that by using 10 as catalyst in the sequence 11, 7, 4 and
2%, the model Michael reaction was complete (100 % con-
version) too rapidly (just a few minutes) at 40°C. Only at a
0.4 % 10/cyclohexenone molar ratio did the reaction proceed
sufficiently slowly to allow GC monitoring. All reactions
were run thereafter without solvent, at 40°C, for 2 h, and
using the fixed 0.4 % catalyst/cyclohexenone ratio (Table 2).
The reaction products obtained using 10 as catalyst could be
isolated in high yields from the reaction mixture (see further
on).
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Table 2. Michael reaction of nitroethane with cyclohexenone using differ-
ent bases.!

Catalyst pK, Conv. [%]® Selectivity!!
1 1 - 87 100
2 10 - 86 100
3 P,-Bul¥ 27t 82 100
4 DBU 24leel 77 92
5 DMAP 18leel 0 -
6 NaOH 15.7M 7 100
7 DABCO 8.5l 0 -
8 NaHCO, 6.4 0 -

[a] Conditions: 40 °C, 2h, no solvent, catalyst/cyclohexenone molar
ratio=0.004. [b] Conversion values were determined by GC. [c] Selectivi-
ty towards 15. [d] Phosphazene base. [e] In acetonitrile. [f] Ref. [28].
[g] Ref. [29]. [h] In aqueous solution. [i] Ref. [30].

Compounds 1 and 10 (entries 1 and 2, Table 2) proved
more efficient than any of the other organic bases for the
coupling of cyclohexenone and nitroethane. The comparison
of the relative activity of 1 and 10 for the model Michael re-
action indicated that with 1 it was slower than with the cor-
responding hydrogen carbonate 2. Figure 1 shows the con-
version versus time profiles for the Michael reactions cata-

100 -0 o
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__ 60+
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Qe
~°
7 404
n
04 T
n n ™
0 T T T T T T
0 15 30
Time (min)
100 —L»o
80 -\
__ 60 \
o |
e
= "
7 40 4 \\
N
N
N
20 —
B
0 T T
0 15 30
Time (min)

Figure 1. Time plots of the Michael reaction catalysed by [TOMP]-
[HOCOO] (10; top) and [TOMP][CH;0COO] (1; bottom). m=cyclohex-
enone; O =selectivity.
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Table 3. Michael addition reactions catalysed by [TOMP][HOCOO] (10).1!

0.4 mol% with respect to the Entry Michael acceptor Michael donor W [mol/mol] ¢[h] T [°C] Product Yield [%]
substrates. L

The same general trend was 1 NO, 0.004 2 4 15K 8l
observed for the Michael reac- %
tion of cyclohexenone and ni-
troethane  using [TOMA]- 2 o 0.01 14 40 88
[HOCOO] (11) and [TOMA]- ? NO,
[CH,;0COO] (2). Hydrogen 16!
carbonate was faster than o 7
methyl carbonate, and both o o Q
reached 80% conversion with 3 oA, 002 7240 Ph 55
100% selectivity after 30 min, 0% Ph
although both reactions were 17
slower than with the TOMP g
equivalent.[!] o o Q

The Michael coupling reac- 4 A oot 240 o~ )
tion catalysed with 10 was also © © o“ o
tested with a series of different 180 !
donors. In all cases, the reac- 0
tions were run in the absence of
solvent, at T=4-40°C, with a LNO 0.004 , . o
Michael donor/acceptor ratio of 2 e
1.2, and with a ratio of 10/Mi- o
chael acceptor that was in the 0
range of 2.0-0.4 mol %, there-
fore with 10 as a genuine cata- 6 (\ 0.004 2 4 95
lyst. The results are collected in NO: NO,
Table 3. The yields reported are o] 20"
isolated yields of purified (flash HH 2
column chromatography), char- | o o o
acterised products. It was found 7 PhMPh 0.01 2 4 Ph 90
that the investigated reaction o >Ph
was not limited to nitroalkanes, 21
but could be extended to B-di- It
carbonyl compounds as well. A o

. . 0 o -
different ~Michael acceptor, ¢ A om ) 4 Hijo 81
EVK, was also tested. It was © © oo
more reactive than cyclohexe- - !

none in the Michael reactions

using catalyst 10. Even at room
temperature, it yielded instanta-
neously a mixture of mono and
double Michael addition prod-
ucts. These reactions (Table 3, entries 5-8) were therefore
carried out at 4°C to control mono-addition selectivity.

Discussion

Quaternarisation with DMC: The direct syntheses of 1 and
2 from DMC yielded the onium methyl carbonate ionic lig-
uids, thereby indicating that the reaction between the ali-
phatic nucleophilic amine or phosphine and DMC occurred
probably through a direct nucleophilic attack of the amine
(or phosphine) to the DMC methyl group by means of a
B2 mechanism (Scheme 3).F7

Chem. Eur. J. 2009, 15, 12273 -12282
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[a] Solvent-free conditions. [b] W=10/enone molar ratio. [c]Isolated yields. [d] Ref. [32]. [e] Ref. [33].
[f] Ref. [34]. [g] Ref. [27]. [h] Ref. [35]. [i] Ref. [36].

Earlier studies on different substrates (amines, phenols,
etc.) had indicated that, at high temperature, the B, 2 nucle-
ophilic attack to the carbonyl was disfavoured, and that the
B,2 mechanism predominated, probably due to solvation
effects dictated by the temperature.’ For this reason the
B,.2 mechanism to yield the carboxymethyltrialkylammoni-

Ba2
RaN'ﬁ\ o R 0
~ e e _ch,
H3C\o O,CH3 —— R7N7CH; 0" O
R

Scheme 3. Amine methylation: B2 mechanism.
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um salt, followed by elimination of CO,, was ruled out
(Scheme 4).

0 0 ®
He. M~ cH, —X- RN —— RN-CH, + CO,
o

yo

H,C
Ba2

RoN

Scheme 4. Amine methylation: B, .2 mechanism.

The reactions in Equations (1) and (2) afforded a quanti-
tative yield, were 100% atom economic,*! avoided the use
of toxic and dangerous methyl halides and of DMS
(Scheme 1), were totally halogen free and did not require
workup with additional solvents to isolate and purify the
products. From an environmental standpoint they were
therefore green reactions, albeit somewhat energy inten-
sive.

Here it should be pointed out that the general environ-
mental issue associated with the preparation of most ionic
liquids begins upstream with the starting nitrogen and phos-
phorous compounds that are often toxic. For example, terti-
ary phosphines are prepared from toxic and dangerous PHj;
and a-olefins.*!! It should also be noted that the methylation
of amines and phosphines with DMC has a few recent,
scarcely described, precedents in the literature: the methyla-
tion of trimethylamine!"”! and the preparation of CBILS.'!
Commercial CBILS are sold as water—-methanol solutions
for a reason that is not clear to us; it may be due to the deg-
radation of the methyl carbonate anion [CH;OCOO] under
their reaction conditions. Nonetheless, in our case, the ionic
liquids were perfectly stable as such, and it was certainly
preferable to isolate them in their pure liquid form. The syn-
thesis of ammonium salts with DMC using 1-ethyl-3-methyl-
imidazolium bromide as a catalyst/medium was also report-
ed recently.””! Here an imidazolium ionic liquid was used as
promoter for the methylation with DMC, but the drawback
was the obtainment of a mixture of ionic liquids that needed
to be separated. This had to be done by additional washing
with acetone.[*’]

Anion metathesis: Although the reaction of the methyl car-
bonate ionic liquids 1 and 2 with Brgnsted acids (Scheme 2)
proceeded as expected to yield the anion (A~)-exchanged
salts 3-9 of Table 1, treatment of 1 and 2 with water instead
afforded the onium hydrogen carbonate ionic liquids 10 and
11 [Eq. (3)]. This reaction could take place either by direct
hydrolysis of the methyl carbonate anion with water acting
as a nucleophile (Scheme 5, top reaction), or by an acid—
base reaction with water acting as an acid in analogy to
Scheme 2, followed by methyl hydrogen carbonate decom-
position®! and CO, sequestration by hydroxide (Scheme 5,
bottom).

Although this mechanism has not been investigated and
available data do not permit a choice between path (a) and
(b) of Scheme 5, the methyl carbonate anion is probably

12278 —
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. + HO ——— - + CH,;OH
a @o)ko CHs * H0 ) hydrolysis o o ¢
1,2 10, 11
b) proton |exchange reaction
O O
o (S1S]
& on+ HadacH, Q oﬁ& + CH,OH
o O 5)

Scheme 5. Pathways for transformation of methyl carbonate into hydro-
gen carbonate anion.

more basic than it is electrophilic, thus favouring the bottom
pathway.

NMR spectroscopic characterisation: 'H and “C{'"H} NMR
spectra were acquired neat for all the ionic liquids. If ionic
liquids are intended as solvents, the most appropriate way to
investigate their solvating ability for a given substrate is to
avoid interferences by added solvents that could falsify the
measurements. For example, the intermolecular solvent—
solute interactions between a chiral ionic liquid and a chiral
or prochiral substrate can be studied, with a view toward un-
derstanding whether chiral interactions between solvent and
solute take place. The '"H NMR spectra were all quite simi-
lar to one another for the ammonium and phosphonium cat-
ions due to their structural identity. Instead, the
BC{'H} NMR spectra provided a wealth of information rela-
tive to the carbon backbone and on the purity of the com-
pounds. In addition, quantitative integration of the *C reso-
nance peaks allowed us to confirm cation-to-anion equimo-
larity. As an example, Figure2 shows the “C{'H} NMR
spectrum of 1 with all the peak assignments. Carbon atoms
1, 2, 3 and 9 show “C—"'P coupling; the carbonyl region is
omitted.

Michael reactions catalysed by 1 and 10: [TOMP]-
[CH;0COO] (1) and [TOMP][HOCOO] (10; entries 7 and

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(o] 4,5
1 o /\/\/\/‘
H,CO™ 0 H3C-F\/2\/\/\/
10 1 4
3 [
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CHZ0H
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Figure 2. *C{'H} NMR spectrum of neat [TOMP][CH;0COO] (1).
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8, Table 2) were expected to be somewhat basic, but in fact
exceeded our expectations and could be used as catalysts
rather than as solvent catalysts. Compounds 1 and 10 proved
more efficient for the Michael addition of nitroethane to cy-
clohexenone than any of the other strong organic and inor-
ganic bases tested, even when used in a mere 0.4 mol % with
respect to cyclohexenone. All reactions were run without
solvent and at the same temperature (40°C). Comparison of
the pK, values (measured in CH;CN) of sterically hindered
tertiary organic amines (DBU, DMAP, DABCO) and phos-
phazene base P;-rBu, plus sodium bicarbonate and sodium
hydroxide indicated that phosphazene (pK,=27) was the
most basic together with DBU (pK,=24), followed by
DMAP (pK,=18), NaOH, DABCO and NaHCO,.*!
Table 2 shows that this basicity scale paralleled the catalytic
activity trend observed for the Michael addition of nitro-
ethane to cyclohexenone, with phosphazene yielding the
highest conversion (82%, entry 3, Table 2) after 2 h. The
ionic-liquid-based catalysts 1 and 10, on the other hand,
reached >85% conversion with 100% selectivity with re-
spect to the substrates under the same conditions. These
conversions were even higher than with phosphazene base
P;-rBu and DBU. DABCO and DMAP were completely in-
active, as was sodium bicarbonate. The comparison of the
catalytic activities of the trioctylmethylammonium bicarbon-
ate 10 (entry 2, Table 2) and of NaHCO; (entry 8, Table 2)
was particularly striking, since 10 behaved as a base approxi-
mately two orders of magnitude stronger (pK,>25) than bi-
carbonate, thereby suggesting that the basic properties of
the [HOCOO)] anion were tremendously enhanced when
coupled to the onium cation. The reason for the high basici-
ty of the methyl carbonate and bicarbonate anions is still
not clear and may depend on the lypophilic environment
surrounding the anions and on solvation effects, as well as
on the orientation of the negative charge with respect to the
cation.

Comparison of the [CH;OCOO] and [HOCOO] anions
indicated that 1 was slower than with the corresponding hy-
drogen carbonate (Figure 1), thereby implying that 10 was
more basic than the methyl carbonate analogue, notwith-
standing the pK, values of the acid-base reactions of their
respective anions (5.6 and 3.6, respectively).[*’]

Conclusion

In summary, we have developed and fully described a green
synthetic procedure of a class of ionic liquids starting from
amines, phosphines and DMC. The clear, colourless, halide-
free ionic-liquid precursors 1 and 2 were isolated quantita-
tively and pure from the autoclave simply by removing the
methanol and excess DMC under vacuum. They could then
be simply anion-exchanged using acids or water (and no sol-
vents) to yield a series of ionic liquids with different chemi-
cal and physical properties without any workup. Although
the reaction conditions using DMC as methylating agent are
more energy intensive (7=140°C, sealed reactor) than
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those required for highly toxic dimethylsulfate (DMS) and
methyl halides (CH;X), this apparent limitation is, however,
largely compensated by the gain in greenness,'” including
safety, handling and absence of waste products.

The bicarbonate-exchanged ionic liquids 10 and 11
showed very striking basicity, to the point of generating car-
bonucleophiles that could act as Michael donors, even when
just in 0.4 mol % with respect to the substrate. Comparison
with known strong hindered bases indicated that the bicar-
bonate and methyl carbonate anions bearing the described
onium cations enhanced their basicity by approximately two
orders of magnitude.

This study is in progress, with a view toward extending
the applicability of the described basic catalysts to other
carbon—carbon bond-forming reactions, as well as in search
of methodologies to improve upon the greenness of these
materials, for example, by immobilising them on solid sup-
ports. Interactions between the ionic liquids and solutes is
also under scrutiny to understand the nature of the basicity
enhancement described here.

Experimental Section

General: Reagents were ACS grade and used as received. DMC, metha-
nol, TFA, and LiNTf,, L-phenylalanine, 1-penten-3-one (EVK), dimethyl-
malonate, dibenzoylmethane, nitroethane and 1,4-diazabicyclo-
[2.2.2]octane were from Sigma-Aldrich. Tri-n-octylphosphine (TOP,
>98%) was from Strem Chemicals (it should be used only if it appears
as a clear liquid; cloudiness or a white solid are indicative of the phos-
phine oxide). Tri-n-octylamine (TOA), 2-cyclohexen-1-one, 1-nitrobutane
and phosphazene base P;-tBu (hexamethylphosphorimidic triamide) were
from Fluka. "H and »C NMR spectra of all ionic liquids were collected
neat at 60°C using a Varian Unity 400 MHz spectrometer by locking the
sample on [Dg]DMSO placed in a sealed capillary blocked in a coaxial
position by means of a Teflon insert in the NMR spectroscopy tube.
"H NMR spectra of solutions of Michael products in CDCl; at 25°C were
collected using a Varian Unity 400 MHz spectrometer. Chemical shifts
are reported downfield from TMS. INADEQUATE experiments were
used to assign all the “CNMR spectroscopic signals in [TOMP]-
[CH;0CO0] and [TOMA][CH;0COO], HMBC experiments were used
to assign the peak of residual MeOH in the same samples, and HMQC to
assign all "H peaks based on the correlation with the "*C signals. The *C
satellites were used, where possible, as internal standards to calculate the
amount of impurities.*! Since, however, the '"H NMR spectra were ac-
quired in the neat phase, the vast majority of all the resonance bands
were rather broad, thus making integration very tricky and subject to a
large error. A conservative estimate indicates that the purity of the ionic
liquids was greater than 95%. GC-MS (EI, 70 eV) analyses were run
using a HP5/MS capillary column (30 m). All reactions were repeated at
least twice to ensure reproducibility.

Abbreviations: Dimethyl carbonate (DMC), tri-n-octylphosphine (TOP),
tri-n-octylamine (TOA), dimethlysulfate (DMS), trifluoroacetic acid
(TFA), generic onium cation (Q™"), generic anion (A"), tri-n-octylmethyl-
phosphonium (TOMP), tri-n-octylmethylammonium (TOMA), tri-n-hex-
ylmethylammonium (THMA), bis(trifluoromethane)sulfonimide (NTf,),
L-phenylalaninate (L-Phe), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), 4-
dimethylaminopyridine (DMAP), 1,4-diazabicyclo[2.2.2]octane
(DABCO), ethyl vinyl ketone (EVK).

[TOMP][CH,0COO] (1): TOP (25 mL, 20.8 g, 56 mmol), DMC (30 mL,
32.1 g, 356 mmol) and methanol (30 mL) were combined (two phases) in
a sealed 200 mL steel autoclave fitted with a pressure gauge and a ther-
mocouple for temperature control. Three freeze-pump-thaw cycles were
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carried out to ensure complete degassing of the mixture and air removal.
The empty volume was then filled with nitrogen. The autoclave was
heated for 20 h at 140°C with magnetic stirring, after which time it was
cooled and vented. Methanol and residual DMC were removed from the
mixture by rotary evaporation, to give [TOMP][CH;0COO] (27.5¢g,
100%) as a viscous clear colourless liquid (m.p. <0°C). A small amount
(<1equiv) of methanol may remain incorporated in the sample even
after it has been subjected to prolonged high vacuum; it can be identified
in the "H NMR spectrum by an HMBC experiment. It does not, however,
affect future transformations. 'HNMR (neat, 60°C, 400 MHz,
[Dg]DMSO): 6=3.15 (s, 3H; CH;0CO0), 2.33 (brt, 6H; P-CH,), 1.88
(d, J(PH)=14 Hz, 3H; P-CH;), 1.42 (br, 6H), 1.27 (br, 6H), 1.11 (br,
24H), 0.70 ppm (brt, 9H); “C{'H} NMR (neat, 60°C, 100 MHz,
[Dg]DMSO, CH, assigned by 2D INADEQUATE): 6=155.8 (1C; C=0),
50.0 (1C; CH;0), 30.9 (3C; Cg), 29.9 (d, J(P,C)=15Hz, 3C; C;), 282
(BC; Gy), 28.0 (3C; Cy), 21.6 (3C; Cy), 20.7 (d, J(PC)=4Hz, 3C; C,),
19.0 (d, J(P,C)=48 Hz, 3C; C)), 12.8 (3C; Cy), 2.6 ppm (d, J(PC)=
53 Hz, 3C; P-CH,); IR (neat): #,,,, =2900, 2856, 1669 cm™".
[TOMA][CH;0C00] (2): TOA (20mL, 162g, 457 mmol), DMC
(30 mL, 32.1 g, 356 mmol) and methanol (20 mL) were combined (two
phases) in a sealed 200 mL steel autoclave fitted with a pressure gauge
and a thermocouple for temperature control. Three vacuum-nitrogen
cycles were carried out to ensure complete removal of air. The empty
volume was then filled with nitrogen. The autoclave was heated for 20 h
at 140°C with magnetic stirring, after which time it was cooled and
vented. Methanol and residual DMC were removed from the mixture by
rotary evaporation to give [TOMA][CH;0COO] (20.0 g, 99%) as a vis-
cous clear pale yellow liquid (m.p. <0°C). A small amount (< 1 equiv) of
methanol may remain incorporated in the sample even after it has been
subjected to prolonged high vacuum; it does not, however, affect future
transformations. '"H NMR (neat, 60°C, 400 MHz, [D,]DMSO): §=3.36
(6H; N-CH,), 3.11 (6H; N-CH; and CH;0), 1.54 (br, 6H), 1.08 (br,
30H), 0.67 ppm (9H); “C{'H} NMR (neat, 60°C, 100 MHz, [Ds]DMSO,
CH, assigned by 2D INADEQUATE): 6=155.5 (1C; C=0), 59.9 (3C;
C)), 50.0 (1C; CH;0), 46.8 (1C; N-CH,), 30.9 (3C; Cy), 28.2 (6 C; Cs5-Cy),
25.7 (3C; C3),21.6 (3C; C;), 21.3 (3C; G,), 12.8 ppm (3C; Cy); IR (neat):
Ponax =2900, 2857, 1669 cm ™.

[TOMP][CF;COO0] (3): TFA (0.80 g, 7.0 mmol) was added dropwise
over 5min to [TOMP][CH;0COO] (1.52 g, 3.3 mmol), and the solution
was stirred at 50°C for 2h. Excess TFA was removed under reduced
pressure, and any residual TFA can be removed by dissolving the result-
ing liquid in 30 mL of CH,Cl,, washing with 2x25 mL aliquots of 10%
NaHCOs;, followed by drying over Na,SO,, filtering, and removal of the
solvent. [TOMP][CF;COO] (1.64 g, 97 %) was obtained as a viscous clear
liquid (m.p. 23-24°C). '"H NMR (neat, 60°C, 400 MHz, [D¢]DMSO): 0 =
2.25 (br, 6H; P-CH,), 1.84 (d, J(PH) =14 Hz, 3H; P-CH,;), 1.39 (br, 6H),
1.23 (br, 6H), 1.09 (br, 24H), 0.68 ppm (brt, 9H); “C{'H} NMR (neat,
60°C, 100 MHz, [D4]DMSO): 6=158.9 (q, J(F,C)=37Hz, 1C; C=0),
115.3 (q, J(F,C)=290Hz, 1C; CF;), 30.6 (3C; Cq), 294 (d, J(PC)=
14 Hz, 3C; G;), 27.8 (3C; Cs), 27.6 (3C; C,), 214 (3C; C,;), 20.2 (d,
J(PC)=5Hz, 3C; C,), 19.1 (d, J(P,C)=48 Hz, 3C; C)), 12.6 (C3, Cy),
24 ppm (d, J(PC)=53Hz, 3C; P-CH;); IR (neat): #,,,=2900, 1688,
1467, 1199, 1164, 1122 cm ™.

[TOMA][CF;COO] (4): Compound 4 (3.2 g, 96 %) was synthesised using
the same procedure as for [TOMP][CF;COO]. 'HNMR (neat, 60°C,
400 MHz, [D¢]DMSO): 6=3.21 (br, 6H; N-CH,), 3.00 (3H; N-CHj3), 1.51
(br, 6H), 1.14 (br, 6H), 1.09 (br, 24H), 0.68 ppm (brt, 9H);
BC{'"H} NMR (neat, 60°C, 100 MHz, [D¢]DMSO): §=158.2 (q, J(F,.C)=
31 Hz, 1C; C=0), 116.9 (q, J(F,C) =299 Hz, 1C; CF;), 60.2 (3C; C,), 47.0
(1C; N-CHs;), 30.7 (3C; Cg), 28.0 (3C; Cy), 279 (3C; Cy), 25.3 (3C; Cy),
21.5 3C; Cy), 21.1 (3C; Gy), 12.7 ppm (3C; Cy); IR (neat): ., =2900,
2858, 1688, 1378, 1199, 1170, 1125 cm™".

[TOMP][NO;] (5): [TOMP][CH;0COO] (4.0 g, 8.13 mmol) was treated
with aqueous concentrated HNO; (0.60 mL, 9.2 mmol) at 50°C for 2 h.
The mixture was cooled and extracted with dichloromethane. The organic
extract was washed twice with saturated NaHCO; (25 mL) and the sol-
vent was removed under vacuum to afford [TOMP][NO;] (3.5 g, >95%)
as a colourless liquid. "H NMR (neat, 60°C, 400 MHz, [Dg]DMSO): 0 =
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2.25 (br, 6H; P-CH,), 1.79 (d, J(PH) =13 Hz, 3H; P-CH,), 1.43 (br, 6H),
1.26 (br, 6H), 1.11 (br, 24H), 0.70 ppm (brt, 9H); “C{'H} NMR (neat,
60°C, 100 MHz, [D¢]DMSO): 6=30.9 (3C; Cy), 29.8 (d, J(P,C)=15 Hz,
3C; Gy), 28.1 (3C; Cy), 28.0 (3C; Cy), 21.7 (3C; Cy), 20.5 (3C; Cy), 19.0
(d, J(PC)=49 Hz, 3C; C)), 13.0 (C3, Cy), 2.5 ppm (d, J(P,C)=51 Hz, 3C;
P-CH,); IR (neat): #,,,, =2930, 2856, 1467, 1340 cm™".

[TOMA][NO;] (6): Compound 6 (2.8 g, >95%) was synthesised using
the same procedure as for [TOMP][NO,]. 'HNMR (neat, 60°C,
400 MHz, [D4g]DMSO): 6=3.30 (br, 6H; N-CH,), 3.01 (3H; N-CH,;), 1.58
(br, 6H), 1.17 (br, 6H), 1.11 (br, 24H), 0.71 ppm; “C{'H} NMR (neat,
60°C, 100 MHz, [D4]DMSO): 6=60.4 (3C; C,), 46.8 (1C; N-CH,), 30.9
(BC; Cg), 282 (6C; C5-Cy), 25.6 (3C; Gy), 21.7 3C; Cy), 21.2 (3C; Gy),
12.9 ppm (3C; Cy); IR (neat): 7y, =2930, 2856, 1467, 1377 cm ™.
[TOMA][1L-Phe] (9): L-Phenylalanine (0.585 g, 2.9 mmol) was added to
[TOMA][CH;0COO] (1.28 g, 2.9 mmol). The mixture was stirred at
70°C under air for 1 h, and then for an additional 3 h under vacuum to
eliminate co-products (e.g., methanol, CO,); yield: 1.48 g, 96%. '"H NMR
(neat, 60°C, 400 MHz, [Dg]DMSO): 6=6.96 (2H), 6.84 (2H), 6.73 (2H),
3.01 (br, 6H; N-CH,), 2.93 (3H; N-CH,), 2.27 (1H), 1.33 (br, 6H), 0.96
(br, 30H), 0.56 ppm; “C{'H} NMR (neat, 60°C, 100 MHz, [D4]DMSO):
0=175.6, 141.1, 1285, 126.6, 124.0, 59.9 (3C; C,), 57.4, 42.7, 47.4 (1C; N-
CHs), 30.9 (3C; Cy), 282 (6C; Cs-Cy), 25.6 (3C; C;), 21.6 (3C; Cy), 21.3
(BC; Gy, 129ppm (3C; Cy); IR (neat): ¥, =3411, 2927, 2857, 1599,
1380 cm ™.

[TOMP][HOCOO] (10): [TOMP][CH;0COO] (3.0g, 6.5mmol) was
stirred under air with water (1 mL) at 40°C for 2 h. Excess water and
methanol were removed under reduced pressure to yield [TOMP]-
[HOCOO] (2.9 g, 100%) as a viscous clear liquid that tends to solidify
with time (m.p. ~25°C). 'HNMR (neat, 60°C, 400 MHz, [Ds]DMSO):
0=2.33 (br, 6H; P-CH,), 1.84 (brd, 3H; P-CHj;), 1.33 (br, 6H), 1.23 (br,
6H), 1.05 (br, 24H), 0.64 ppm (brt, 9H); “C{'H} NMR (neat, 60°C,
100 MHz, [Dg]DMSO): 6=158.9 (1C; C=0), 31.0 (3C; Cy), 29.8 (d,
J(P,C)=15Hz, 3C; C;), 282 (6C; Cs-Cy), 21.6 (3C; C;), 209 (3C; C,),
19.1 (d, J(P,C)=49 Hz, 3C; C)), 12.9 (C3, Cy), 2.9 ppm (d, J(P,C) =52 Hz,
3C; P-CH,); IR (neat): #,,,=2900, 2850, 1650, 1631 cm ™.
[TOMA]J[HOCOO] (11): [TOMA][CH;0COO] (3.0 g, 6.8 mmol) was
stirred under air with water (1 mL) at 40°C for 2 h. Excess water and
methanol were removed under reduced pressure to yield [TOMP]-
[HOCOO] (2.9 g, 100%) as a viscous clear liquid that tends to solidify
with time (m.p. ~25°C). '"H NMR (neat, 60°C, 400 MHz, [D¢]DMSO):
0=>5.14 (s, OH), 3.14 (br, 6H; N-CH,), 2.96 (br, 3H; N-CH,), 1.45 (br,
6H), 1.12 (br, 6H), 1.35 (br, 24H), 0.62 ppm (brt, 9H); “C{'H} NMR
(neat, 60°C, 100 MHz, [D4]DMSO): 6 =160.3 (1C; C=0), 59.9 (3C; C)),
47.8 (1C; N-CH,), 309 (3C; Cy), 28.1 (6C; Cs-Cy), 25.3 (3C; C;), 21.6
(3C; Cy), 21.1 (3C; Gy), 128 ppm (3C; C); IR (neat): 7,,,,= 3406, 2500,
2856, 1650, 1631 cm ™.

[TOMP][NTf,] (12): An aqueous solution of LiNTf, (2.33 g. 8.13 mmol
in 50 mL) was added to [TOMP][CH;0COO] (4.0 g, 8.13 mmol) dis-
solved in water (70 mL). The mixture was stirred at 70°C for 2 h. The re-
sulting white precipitate was preferably extracted (but can be isolated by
decanting as well) with CH,Cl, to afford pure dry [TOMP][NT%,] (3.05 g,
60%) as a clear liquid. '"H NMR (neat, 60°C, 400 MHz, [Dg]DMSO): 6 =
1.96 (br, 6H; P-CH,), 1.55 (d, J(P.H) =13 Hz, 3H; P-CH,), 1.34 (br, 6H),
1.24 (br, 6H), 1.09 (br, 24H), 0.68 ppm (brt, 9H); “C{'H} NMR (neat,
60°C, 100 MHz, [D¢]DMSO): 6=119.1 (q, J(F,C)=321Hz, 2C; CF;),
30.6 (3C; Cg), 29.3 (d, J(P,C)=15Hz, 3C; G;), 27.8 (3C; C;), 27.5 (3C;
C,), 214 (3C; C;), 20.2 (d, J(PC)=5Hz, 3C; C,), 19.0 (d, J(P,C) =48 Hz,
3C; C), 12,6 (3C; Cy), 23ppm (d, J(P,C)=52Hz, 3C; P-CH;); IR
(neat): 7, =2930, 2859, 1468, 1352 cm™".

[TOMA][NTf,] (13): Compound 13 (1.72 g, 65 %) was synthesised using
the same procedure as for [TOMP][NTf,]. 'HNMR (neat, 60°C,
400 MHz, [D¢]DMSO): 6=2.98 (br, 6H; N-CH,), 2.73 (3H; N-CH,), 1.45
(br, 6H), 1.12 (br, 6H), 1.07 (br, 24H), 0.67 ppm (t, J=7.2 Hz, 9H);
BC{'"H} NMR (neat, 60°C, 100 MHz, [D{]DMSO): 6=119.1 (q, J(F,C)=
322 Hz, 1C; CF;), 60.8 (3C; C)), 46.9 (1C; N-CH,), 30.5 (3C; Cy), 27.8
(6C; Cs-Cy), 25.0 (3C; Gy), 21.4 (3C; Cy), 21.0 (3C; C,), 12.6 ppm (3C;
Cy); IR (neat): ¥, =2929, 2859, 1469, 1378, 1353 cm ™.
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[THMA][CH;0COO] (14): Compound 14 (20.8 g, 98 % ) was synthesised
using the same procedure as for [TOMA][CH;0COO]. Combined THA
(20 mL, 15.9 g, 59.0 mmol), DMC (30 mL, 32.1 g, 356 mmol) and metha-
nol (20 mL). '"HNMR (neat, 60°C, 400 MHz, [D,]DMSO): 6 =3.32 (br,
6H; N-CH,), 3.10 (3H; N-CH;), 3.06 (3H; CH;0), 1.52 (br, 6H), 1.12
(br, 24H), 0.67 ppm; “C{'H} NMR (neat, 60°C, 100 MHz, [D4]DMSO):
0=155.6 (1C; C=0), 60.1 (3C; C)), 50.0 (1C; CH;0), 46.9 (1C; N-CH,),
304 (3C; Cy), 25.3 (3C; Gy), 21.5 (3C; Cy), 21.3 (3C; G,), 12.8 ppm (3C;
Cy); IR (neat): 7,,,=3186, 2956, 2930, 2860, 1677, 1634 cm ™.

General procedure for the Michael reactions: A 7mL glass reactor
equipped with a side screw-capped neck for the withdrawal of samples
and a condenser was charged with the reagents and the chosen catalyst
(see Tables 2 and 3 and Figure 2). The reactor was heated to the desired
temperature (4-40°C) and the mixture was kept under magnetic stirring
throughout the reaction. At intervals, samples of the reaction mixture
were withdrawn and analysed by GC-MS. At the end of the reaction, the
catalyst was removed by filtration on silica gel (weight ratio of silica gel/
catalyst =80; eluent, diethyl ether). The solution was concentrated under
rotary evaporation and residual reactants were removed under high
vacuum. The products were characterised by '"H NMR spectroscopy by
means of comparison with literature data.

Compound 15 (CAS registry no. 59969-93-6): A mixture of diastereomers
(Table 3, entry 1); 2-cyclohexen-1-one (1.00 mL, 1.00 g, 10.4 mmol), nitro-
ethane (0.89 mL, 0.937 mg, 12.5 mmol) and [TOMP][HOCOO)] (20 mg,
0.04 mmol). 'HNMR (CDCl;, 400 MHz): 6 =4.54-4.43 (m, 1H), 2.48—
2.06 (mm, 6H), 1.98-1.83 (m, 1H), 1.69-1.40 ppm (mm, 5H).

Compound 16: A mixture of diastereomers (Table 3, entry 2); 2-cyclohex-
en-1-one (1.00 mL, 1.00 g, 10.4 mmol), nitrobutane (1.32mL, 1.287 g,
12.5 mmol) and [TOMP][HOCOO] (50 mg, 0.1 mmol). "H NMR (CDCl,,
400 MHz): 6=4.44-4.31 (m, 1H), 2.50-1.20 (mm, 13H), 0.94-0.88 ppm
(m, 3H).

Compound 17 (Table 3, entry 3): 2-Cyclohexen-1-one (0.4 mL, 0.4 g,
4.16 mmol), dibenzoylmethane (448 mg, 2 mmol) and [TOMP][HOCOO)]
(50 mg, 0.1 mmol). The product was isolated by flash column chromatog-
raphy using petroleum ether and ethyl acetate as eluents. 'H NMR
(CDCl;, 400 MHz): 6=8.02-7.93 (m, 4H), 7.60-7.53 (m, 2H), 7.49-7.40
(m, 4H), 5.23 (d, J=8.5Hz, 1H), 3.10-2.98 (m, 1H), 2.47-2.36 (m, 2H),
2.32-2.22 (m, 2H), 2.09-2.00 (m, 1H), 1.98-1.90 (m, 1H), 1.76-1.63 (m,
1H), 1.62-1.50 ppm (m, 1H).

Compound 18 (Table 3, entry 4): 2-Cycloexen-1-one (1.00 mL, 1.00 g,
10.4 mmol), dimethylmalonate (143 mL, 1.650g, 12.5mmol) and
[TOMP][HOCOO)] (50 mg, 0.1 mmol). '"HNMR (CDCl;, 400 MHz): 6 =
3.70 (s, 3H), 3.69 (s, 3H), 3.30 (d, J=8.0Hz, 1H), 2.54-2.42 (m, 1H),
2.41-2.30 (m, 2H), 2.27-2.15 (m, 2H), 2.07-1.98 (m, 1H), 1.93-1.85 (m,
1H), 1.70-156 (m, 1H), 1.51-1.39 ppm (m, 1H).

Compound 19 (Table 3, entry 5): 1-Penten-3-one (1.03mL, 874 mg,
10.4 mmol), nitroethane (0.89 mL, 0.937 mg, 12.5 mmol) and [TOMP]-
[HOCOO] (50 mg, 0.1 mmol). '"H NMR (CDCl;, 400 MHz): 6 =4.65-4.54
(m, 1H), 2.47 (t, J=7.0 Hz, 2H), 2.42 (q, J=7.3 Hz, 2H), 2.15-2.06 (m,
2H), 1.53 (d, J=6.6 Hz, 3H), 1.04 ppm (t, J=7.3 Hz, 3H).

Compound 20 (Table 3, entry6): 1-Penten-3-one (1.03mL, 874 mg,
10.4 mmol), nitrobutane (1.32 mL, 1.287 g, 12.5 mmol) and [TOMP]-
[HOCOO] (50 mg, 0.1 mmol). "H NMR (CDCl;, 400 MHz): 6 =4.53-4.44
(m, 1H), 2.46-2.35 (m, 4H), 2.14-2.03 (m, 2H), 2.02-1.89 (m, 2H), 1.72—-
1.61 (m, 1H), 1.45-1.35 (m, 1H), 1.02 (t, /=7.3 Hz, 3H), 0.91 ppm (t, J=
7.3 Hz, 3H).

Compound 21 (Table3, entry7): 1-Penten-3-one (0.6mL, 0.5¢g,
5.9 mmol), dibenzoylmethane (448 mg, 2 mmol) and [TOMP][HOCOO]
(25 mg, 0.05 mmol). The product was isolated by flash column chroma-
tography using petroleum ether and ethyl acetate as eluents. '"H NMR
(CDCl;, 400 MHz): 6=8.06-8.02 (m, 4H), 7.60-7.54 (m, 2H), 7.50-7.43
(m, 4H), 5.51 (t, J=6.8 Hz, 1H), 2.67 (t, J=6.4 Hz, 2H), 2.39 (q, /=
7.3 Hz, 2H), 2.33 (q, J=6.5 Hz, 2H), 1.04 ppm (t, /J=7.3 Hz, 3H).
Compound 22 (Table 3, entry8): 1-Penten-3-one (1.03mL, 874 mg,
10.4 mmol), dimethylmalonate (143 mL, 1.650¢g, 12.5mmol) and
[TOMP][HOCOO] (50 mg, 0.1 mmol). '"H NMR (CDCl,;, 400 MHz): 6 =
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371 (s, 6H), 3.41 (t, J=73 Hz, 1 H), 2.48 (t, J=7.2 Hz, 2H), 239 (q, /=
7.3 Hz, 2H), 2.14 (q, J=72 Hz, 2H), 1.02 ppm (t, /=7.3 Hz, 3H).
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