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Abstract A concise synthesis of two imidazolium ion-

tagged prolinamide organocatalysts 3 and 4, varying in

anionic component (CF3COO
- and PF6

-, respectively) is

presented. The latter could be classified as an ionic liquid

with a melting point of 66.3 �C, and glass transition tem-

perature of 14.5 �C. The efficiency of each catalyst was

compared via a direct aldol reaction revealing a large

contrast in catalytic performance, with the catalyst bearing

the PF6
- anion being superior. The optimal conditions

were determined to be an on-water reaction system, and

substrate scoping gave a range of desired aldol products in

high conversion (up to[99 %), dr (up to 98:2), and er (up

to 96:4). The application of these catalysts to beta-

nitrostyrene conjugate addition is also presented.
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1 Introduction

Widely recognised as the third pillar of catalysis,

organocatalysis has become a major field of research and a

viable means of installing asymmetry within complex

molecules [1–5]. While organic transformations carried out

by organocatalysis have become increasingly complex, so

too has the structure of the organocatalysts themselves [6–

10]. Efforts in recycling organocatalysts have heavily

centred on conjugation to a solid support, to remove the

tethered catalysts by filtration [11–15]. Recently, the

introduction of imidazolium salts into catalyst structures

has been used as a means to control solubility properties of

the catalyst allowing for separation of reaction products/

reagents from the catalyst by selective solubilisation [14,
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16–33]. Of the published imidazolium supported catalysts,

the majority are based on 4-hydroxyproline and incorporate

the imidazolium group via the oxygen at the 4 position

(Fig. 1 1 and 2). This approach leaves the amine and car-

boxylic acid of the proline scaffold unmodified and has

shown to be a successful strategy to develop efficient cat-

alysts of broad scope.

An exception to this trend was recently reported by

Zlotin [16], who synthesised a C2-symmetric bis-proli-

namide organocatalyst, which displayed good catalytic

activity and scope despite the absence of a-carboxylic
acid. The focus of the current study was to explore the

effect, if any, on installing the imidazolium salt via the

C-terminus of trans-4-hydroxyproline scaffold. Given the

hydrogen bonding capabilities of the imidazolium group,

its presence in close proximity to the proline nitrogen

may lead to enhanced catalytic performance or partici-

pation in hydrogen bonding within the transition state [34,

35].

We were also interested in how we may manipulate the

physical behaviour of these catalysts by variations of

anion (Fig. 1) in addition to their effectiveness as

organocatalysts. The target imidazolium tagged proli-

namides were to be decorated with a tert-butyldiphenyl

silyl group at the 4-position, a widely reported modifi-

cation that would allow for broad comparison of our

catalysts to published examples [36–38]. In this manu-

script we present the synthesis and evaluation of imida-

zolium supported organocatalysts which incorporate PF6
-

and trifluoroacetate (F3CCOO
-) anions. We compare the

physical properties and catalytic performance of these

compounds demonstrating their catalytic potential in both

the direct aldol reaction and conjugate addition to b-
nitrostyrenes.

2 Results and Discussion

2.1 Synthesis of Organocatalysts 3 and 4

Our strategy for accessing target catalysts was based on

previous approaches used by Zlotin et al. and Maio et al.

where the heterocyclic amine is liberated at the last step,

typically by cleavage of Cbz, N-benzyl or Boc protecting

group. We initially chose the latter, incorporating a Boc

protecting group onto the proline nitrogen, in addition to a

tert-butyldiphenyl silane on the alcohol moiety at the

4-position (5) as we have had extensive experience with

this scaffold.

Amide formation using carboxylic acid 5 and

3-aminopropylimidazole gave 6 in excellent yield (99 %).

This was followed by treatment of 6 with methyl iodide

under microwave irradiation to generate the imidazolium 7

in good yield (79 %). Interestingly, the imidazolium salt 7

was able to be purified by column chromatography

(Scheme 1).

From 7, the removal of the Boc group was successfully

carried out using 10 % TFA/CH2Cl2 overnight. This was

accompanied by concomitant exchange of the anion from

iodide to trifluoroacetate, indicated by the shift of the H2

proton observed by 1H NMR spectroscopy. Isolation of 3

was achieved by careful organic extraction and washing

with NaHCO3 which gave 3 in good yield (73 %). Alter-

natively, prior to aqueous work up, a solution of KPF6
could be added to the solution, executing anion metathesis

to give catalyst 4, also in good yield (82 %). This gave

excellent overall yields for both 3 and 4 (57 and 64 %,

respectively), the slightly depressed yield for 3, despite

having one less step, was attributed to a slight solubility in

water, thus a small amount being lost in work up.

2.2 Physical Characterization of 3 and 4

With imidazolium salts 3 and 4 in hand, our attention

turned to determining if these materials could technically

be classified as an ionic liquids. Ionic liquids are broadly

defined as molten salts which possess a melting point under

100 �C, have negligable vapour pressure, and excellent

thermal stability. We were pleased to see that the melting

point of 4 was 66.3 �C, well below the generally accepted

100 �C cut-off, while 3 was 118 �C and thus not techni-

cally defined as an ionic liquid. This observation was

attributed to the more charge diffuse nature of the PF6
-

anion. Next we undertook isothermal thermogravimetric

analysis (TGA) at 100 �C, with 4 only, to determine

evaporation phenomena, if any. After 80 min at 100 �C no

major loss in weight was observed for this material, con-

sistent with the behaviour of ionic liquids.
Fig. 1 Known imidazolium salt supported organocatalysts 1 and 2,
with target organocatalysts for this study, 3 and 4
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The initial loss in sample weight is presumably water

being evaporated from the solid sample, as this occurrs

after the temperature reaches 100 �C (red line, Fig. 2). The

variation seen is typically\10 % of the sample weight and

most likely due to evaporation of residual moisture.

Additionally, differential scanning calorimetry (DSC) was

conducted on 4, giving a glass transition temperature (Tg)

of 14.5 �C.

2.2.1 Evaluation of Organocatalysts 3 and 4

as Organocatalysts

Our attention now turned to evaluation of 3 and 4 as

organocatalysts. We chose the direct asymmetric aldol

reaction for catalyst evaluation as it is a benchmark reac-

tion for catalyst evaluation in the literature and we have

previous experience with this system. The optimisation

began using catalyst 3 (bearing the trifluoroacetate anion)

in neat reaction conditions (Table 1, Entry 2). We were

pleased to see that full conversion to 9 had taken place,

though the product showed no diastereoisomeric enrich-

ment, an outcome that may have been due to the extended

reaction times (72 h) in the presence of a basic counter ion

(F3COO
-).

Repeating the reaction on water at a reduced reaction

time (Table 1, entry 3) gave only a slightly depressed

conversion (93 %) and a dr of 71:29 (anti:syn). Unfortu-

nately, the product was found to possess minimal enantio-

enrichment (5 %). When using the same reaction duration

under neat reaction conditions (Table 1, Entry 4), a

depressed conversion (88 %) and dr 68:32 (anti:syn) was

observed. This is consistent with literature whereby neat

reaction conditions result in a homogenous mixture while

the addition of water creates an emulsion giving an ‘on-

water’ effect that enhances reaction outcomes [36–49].

This phenomena was supported when reacting 3 in an

organic solvent (Table 1, Entry 5) which gave very poor

conversion to the desired product.

Scheme 1 Synthesis of target

organocatalysts 3 and 4
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Fig. 2 Isothermal TGA showing no evaporation of 4 when in the liquid state (left) and DSC showing Tg (right) with key curve (inset)
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Our focus then moved to the use of catalyst 4 under the

same reaction conditions to determine the effect, if any, of

the IL counter ion. Employing 4 in the direct aldol reaction

using neat reaction conditions (Table 1, Entry 6) gave

improved dr 80:20 (anti:syn) and er of 77:23 compared to

those furnished by 3. The addition of water to the reaction

system (Table 1, Entry 7) gave a slightly depressed yield,

though an improved dr, 85:15 (anti:syn), and good er

(76:24). It is worth noting that the ‘on-water’ reactions

were much easier from a practical standpoint as the small

amount of cyclohexanone 7 used in the neat reactions (100

lL) made solvation of all reaction components difficult. To

ensuring total solvation of reagents, the neat asymmetric

aldol reaction (Table 1, Entry 8) was carried out a vast

excess of 7, affording excellent outcomes in yield (96 %),

very high dr 96:4 (anti:syn) and er 92:8. Finally, assessing

4 in an organic solvent (Table 1, Entry 9), gave poor

conversion (18 %) and moderate dr 82:18 (anti:syn), sim-

ilar to that provided by catalyst 3.

This preliminary evaluation of catalysts 3 and 4 high-

lights the variability in reaction outcome and catalyst

performance by simply changing the anionic component of

the catalyst. The influence of counter ions on catalyst

performance has been observed in other work, though in

this instance the performance of the catalyst is extremely

pronounced [33, 50, 51].

The optimal conditions were determined to be the on

water process using catalyst 4 (Table 1, Entry 7). Though,

the best stereochemical outcome for catalyst 4 employed a

vast excess of cyclohexanone 7 (Table 1, Entry 8), the use

of the ketone 7 as the reaction solvent on such a scale was

considered impractical and thus was not considered. The

scope of catalyst 4 was investigated with a range of ketones

and aldehydes, the latter of which possess a cross-section

of substituents on the aromatic portion, representing a

variety of electronic effects on the aldehyde.

Using cyclopentanone 10 with the chosen aldehydes

showed excellent conversions in all cases (Table 2, Entries

1–4) which is consistent with our previous work [36–38].

Also consistent when employing 10 predominant formation

of the syn-diastereomer in preference to the anti-diastere-

omer. The dr and er values observed for these reactions

varied from poor to moderate (Table 2, Entries 1 and 3,

respectively). This has again been observed in our work

published by this group where cyclopentanone typically

gives excellent yields, but poor stereo-discrimination of the

ultimate aldol product. We believe that the low ee values

obtained when employing cyclopentanone 10 are a result of

epimerisation of the products due to the presence of the

catalyst reforming then substituted enamine and thus

scrambling the enantiomeric centre, a more detailed dis-

cussion of this point has been provided below. Moving on

to tetrahydropyranone 11 gave much better reaction out-

comes across all parameters (Table 2, Entries 5–8).

Though conversions varied from 55–99 %, good to high dr

and er values were observed, especially when using

Table 1 Optimisation of organocatalyst 3 and 4

Entry Cat. Solvent Time (h) Conversiona (%) dra (anti:syn) erb

1 – Neat 24 0 0 0

2 3 Neat 72 97 1:1 –

3 3 H2O 24 93 71:29 60:40

4 3 Neat 24 88 68:32 53:47

5 3 CHCl3 24 15 72:28 –

6 4 Neat 24 99 80:20 76:24

7 4 H2O 24 71 85:15 76:24

8 4 Neatc 24 96 96:4 92:8

9 4 CHCl3 24 18 82:18 –

a Determined by 1H NMR spectroscopy
b Determined by chiral HPLC (Diacel AD-H, iPA/n-Heptane, 5:95)
c Reaction carried out in 0.25 mL (12.5 eqivalents) of 7. Reaction conditions: Aldehyde (0.1 mmol), ketone (0.5 mmol), and catalyst (20 lmol),

in water (250 lL) were stirred for 24 h at room temperature, followed by aqueous work-up Note: no HPLC was conducted when conversion was

\20 %
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4-nitrobenzaldehyde (Table 2, Entry 5), giving er value of

85:15, and benzaldehyde (Table 2, Entry 7), with an er of

96:4. Replacement of the oxygen heteroatom of 11 for

sulphur (12) (Table 2, Entry 9) gave excellent conversion

(99 %) and diastereoselectivity (97:3), and an excellent er

of 85:15. Similarly, employing cyclohexanone 7 for the

remaining aldehydes (Table 2, Entries 9–11) gave excel-

lent stereochemical outcomes. We also examined substi-

tution on the aryl ring and the effects on stereochemical

outcome by employing 3- and 2-nitrobenzaldehyde to give

16e and 16f, respectively. In both cases (Table 2, Entries

13 and 14) excellent conversion and dr were observed. This

was complemented in the er with very high enantiomeric

ratios of 85:15 in each case.

We were interested in determining if 4 could be recycled

for multiple uses in the same reaction system. This was

undertaken by repeating the on-water reaction of cyclo-

hexanone 7 and 4-bromobenzaldehyde, giving product 14d.

The full aqueous work-up was replaced by simple addition

of a diethyl ether:hexane (1:1) solution to extract the aldol

products only, which we had previously determined that

catalyst 4 was not soluble in. It was therefore surprising to

see catalyst 4 had leeched into the extraction solvent, albeit

in small quantity. This may be due to the solubility of

catalyst 4 in the ketone reaction partner of this aldol

reaction. In the interest of thoroughness, we continued the

recycling study by re-addition of fresh cyclohexanone 7

and 4-bromobenzaldehyde to the aqueous phase containing

the majority of catalyst 4. The extraction of products and

addition of fresh reagents was repeated again, and it was

seen that after each extraction catalyst 4 was lost in this

process and the subsequent reaction gave progressively

lower yields. For this data please refer to the supplemen-

tary information.

Finally, we were curious the effects observed in the

aldol reaction were similar for other reaction systems.

Therefore we employed catalysts 3 and 4 in the conjugate

addition of cyclohexanone 7 with trans-b-nitrostyrene 17,

another commonly used reaction to evaluate organocata-

lysts [52–55].

We were pleased to see that catalyst 3 was able to

effectively catalyse the formation of 18, though the yield

was excellent the dr was very low (53:47, anti:syn), and as

such an er was not determined for this material (Table 3,

Table 2 Substrate scoping for catalyst 3

Entry R X Prod Conversiona (%) dra (anti:syn) erb

1 4-NO2 – 13a 99 27:73 54:46

2 H – 13b 99 30:70 66:34

3 4-Me – 13c 83 34:66 76:24

4 4-Br – 13d 99 35:65 74:26

5 4-NO2 O 14a 99 69:31 85:15

6 H O 14b 55 84:16 96:4

7 4-Me O 14c 65 89:11 80:20

8 4-Br O 14d 84 71:29 81:19

9 4-NO2 S 15a 99 97:3 85:15

10 H (CH2) 16b 54 89:11 77:23

11 4-Me (CH2) 16c 29 86:14 90:10

12 4-Br (CH2) 16d 87 88:12 92:8

13 3-NO2 (CH2) 16e 91 96:4 85:15

14 2-NO2 (CH2) 16f 83 98:2 85:15

a Determined by 1H NMR spectroscopy, dr reported for major distereomer only
b Determined by chiral HPLC (Diacel AD-H, iPA/n-Heptane, 5:95. Reaction conditions: Aldehyde (0.1 mmol), ketone (0.5 mmol), and catalyst

(20 lmol), in water (250 lL) were stirred for 24 h at room temperature, followed by aqueous work-up Note: no HPLC was conducted when

conversion was\20 %
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Entry 2). Repeating the reactions in organic solvents,

toluene and THF, gave promising results as conversions

and drs were high (Table 3, Entries 3 and 4). Of these two

reactions the one performed in THF gave a superior

enantioenrichment (er (67:33) versus toluene (52:48)).

Interestingly, and in contrast to previous results pre-

sented in this manuscript, inferior stereochemical outcomes

resulted when the reaction was carried out on-water or neat

(Table 3, Entries 6 and 7) when compared to THF. This

same preference for THF for organocatalyzed nitro-con-

jugate addition was also observed by Lin et al. [55].

Nevertheless, dr could be improved under neat reaction

conditions by extended reaction times (Table 3, Entry 7), at

the expense of er. Nevertheless, decreasing the catalyst

loading to 5 mol% showed minimal effect on reaction

outcome giving similar conversion, diastereo- and enantio-

enrichment when 20 mol % was employed (Table 3,

Entries 8 and 9). In an effort to bolster the reaction out-

comes in THF, we repeated the reactions in this solvent

with additives present in the reaction mixture, which is

common for this class of reaction. Unfortunately, in each

case (Table 3, Entries 8–10) the conversions were depres-

sed, and no gain in er was observed in any case, though

improvements in dr were observed for benzoic acid derived

additives. Despite these moderate results we are encour-

aged that with further examination of this system and

investigation into a broader range of anions, may improve

these preliminary values.

2.3 Regarding the Effect of the Trifluoroacetate

anion on Reaction Outcome

Within this study we have attributed the poor stereoselec-

tivities observed when employing catalyst 3, to the effect

of the trifluoroacetate anion. This is especially evident

when using cyclopenanone 10 as the ketone donor in the

aldol reaction (compounds 13a–13d). In our hands, it is

common to observe lower diastereo- and enantioenrich-

ment when using cyclopentanone [36–38], which we have

previously attributed to epimerisation at the a-carbon due

to reformation of the enamine in the presence of the

organocatalyst. The propensity of cyclopentanone to

undergo epimerisation may be due to the Keq of the ketone-

enamine equilibrium being markedly higher (Keq 2.3) than

that of the cyclohexanone-enamine pair (Keq = 0.8), as

reported by Vilarrasa et al. (Scheme 2) [56].

Table 3 Application of catalysts 3 and 4 to the conjugate addition of cyclohexanone 7 with trans-b-nitrostyrene 17

Entry Cat. Solvent Time (h) Conversiona (%) dra (anti:syn) erb

1 – Neat 24 0 0 0

2 3 Neat 72 99 53:47 –

3 4 PhMe 24 87 83:17 52:48

4 4 THF 24 88 88:12 67:33

5 4 Water 24 83 75:25 63:37

6 4 Neat 24 95 81:19 63:37

7 4 Neat 96 90 91:9 66:34

8f 4 Water 24 90 93:7 67:33

9f 4 Neat 24 95 91:9 65:35

10 4 THFc 24 75 95:5 57:43

11 4 THFd 24 83 97:3 56:44

12 4 THFe 24 76 84:16 60:40

a Determined by 1H NMR spectroscopy
b Determined by chiral HPLC (Diacel AD-H, iPA/n-Heptane, 5:95) for major diastereoisomer only
c Benzoic acid additive at 20 mol%
d p-nitrobenzoic acid additive at 20 mol%
e Trifluoroacetic acid additive at 20 mol%
f 5 mol% of catalyst was used in this reaction. Reaction conditions: Nitrostyrene (0.1 mmol), ketone (0.5 mmol), and catalyst (20 lmol), in

water (250 lL) were stirred for 24 h at room temperature, followed by aqueous work-up
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Nevertheless, the stereochemical outcomes for any aldol

product, regardless of donor ketone, from this study seem

unusually low when catalyst 3 was employed. We propose

that the deleterious role of the trifluoroacetate anion is via

encouraging epimerization at the a-position of the aldol

products. The poor basicity and high dilution of a trifluo-

roacetate anionic additive would normally prevent this

effect from occurring to a substantial degree, but in this

case the anion is held in close proximity to the

organocatalyst. Thus when imine formation occurs, causing

the subsequent decrease in pKa of the a-protons, enamine

(and thus epimerisation) is promoted by the trifluoroacetate

counterion associated to the organocatalyst.

3 Conclusion

Presented herein is a concise and high yielding synthesis of

two ionic liquid supported organocatalysts 3 and 4,

accessed in three synthetic steps. Variation of the anionic

component of the cationic imidazolium partner, CF3CCO
-

(catalyst 3) and PF6
- (catalyst 4) had a pronounced effect

on both the physical properties and catalytic behaviour of

these compounds. The latter catalyst (4) being technically

classified as a chiral ionic liquid, possessing a melting

point below 100 �C and exhibiting no evaporation phe-

nomena by isothermal TGA and a Tg of 14.5 �C. Evalua-
tion of these catalysts in the direct asymmetric aldol

reaction revealed a significant contrast in catalytic perfor-

mance between 3 and 4, with the former giving good

reaction conversion but very poor stereochemical outcome

for both dr and er, attributed to the presence of the triflu-

oroacetate anion in solution. We have proposed that the

unsuitability of the trifluoroacetate anion is a result of

encouraging epimerisation of the aldol products. Con-

versely, catalyst 4 performed well in the direct aldol

reaction and showed excellent application across a range of

ketones and aldehydes.
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