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Abstract: A new and flexible procedure for the preparation of chiral azolium salts derived from (S)-
pyroglutamic acid has been developed. The efficiency of these ligands has been evaluated in the
metal-catalyzed asymmetric transfer hydrogenation of aromatic ketones in iso-propanol. Good
enantioselectivities up to 90% ee were observed.
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Introduction:

The reduction of carbonyl compounds to the corresponding alcohols is one of the most
fundamental and useful reactions that are important in the pharmaceutical and chemical
industry. The asymmetric transfer hydrogenation (ATH) of ketones has recently emerged as a
highly efficient method for the synthesis of enantiomerically enriched secondary alcohols that
are key intermediates for the manufacture of a variety of molecules and molecular scaffolds of
biological and therapeutic interest.'! Transition metal-catalyzed asymmetric transfer
hydrogenation of prochiral ketones provides a powerful alternative to asymmetric
hydrogenation due to its ease of handling, the easy availability of hydrogen sources, lower
cost and safety.”) Many chiral ligands and transition metals have been developed and applied
to this reaction. The common catalysts are rhodium, ruthenium and iridium complexes with
chiral phosphine and chiral diamine ligands."!

N-Heterocyclic carbenes (NHCs) have attracted increasing attention as they have been proven
to act as efficient ligands in coordination chemistry and homogeneous catalysis.* In many
cases, NHC complexes show higher thermal stability and catalytic activities than their
phosphine counterparts partially owing to the strong metal-NHC bonds and the high o-
donating ability of NHC ligands."”! The incorporation of the carbene functionality into ligand
systems offers great opportunities for ligand design and the discovery of new efficient
catalysts.[) Chiral N-Heterocyclic carbenes are well established as efficient alternatives to
chiral phosphine ligands in asymmetric synthesis processes.”’ However, transition metal-
catalyzed asymmetric transfer hydrogenation of prochiral ketones using chiral NHCs as
ligands has been limited so far and only a few examples have been reported. In general,
moderate to good conversions were obtained but with very poor enantioselectivities.* "
Recently, in 2009, Douthwaite et al. reported the synthesis of iridium NHC-phenoxyimine
and rhodium and iridium NHC-amine complexes. These complexes were investigated their
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catalytic application to enantioselective transfer hydrogenation of acetophenone and
derivatives. The highest ee of 56% was obtained with 3-chloroacetophenone.!'’! In the same
year, Kuang et al. applied a chelated ferrocene-based planar chiral NHC-rhodium (I) complex
to the asymmetric transfer hydrogenation of acetophenone and cyclohexylphenylketone
affording corresponding secondary alcohols with 60% ee and 67% ee, respectively.!'? It
should be noted that was the highest enantioselectivities that have been reported in the
literature. Therefore, the development of more efficient chiral NHC ligands remains a
challenge for ATH.

As a part of our own program of studies, we have recently described the ruthenium-catalyzed
asymmetric transfer hydrogenation of acetophenone using aminoalcohol ligands derived from
isosorbide.!'”! Here, we report the synthesis of novel chiral azolium salts, precursors to NHCs,
derived from (S)-pyroglutamic acid and investigate their application to the enantioselective
transfer hydrogenation of aromatic ketones.

Results and Discussion

Synthesis of chiral azolium salts precursor to NHC ligands derived from (S)-
pyroglutamic acid.

The synthetic route for the chiral azolium salts 5, 6, 7 is summarized in Scheme 1.
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Scheme 1: Synthesis of azolium salts 5, 6, 7a-d.

Reagents and conditions : a) SOCl,, EtOH, 3h, rt. b) NaBH,, EtOH, 48h, rt. ¢) TsCl, Et;N, CH,Cl,, DMAP, 20h,
rt. d) thiazole, MW, 130°C, 2h. e) 1-methyl-1,2,4-triazole, MW, 130°C, 2h. f) 1-R-imidazole, MW, 130°C, 1.5h.

Our synthesis was initiated by esterification of (S)-pyroglutamic acid followed by reduction
using NaBH, to afford the alcohol 3 in 80% yield.'"” The hydroxyl group was then activated
as its tosylate."”) Subsequently, the tosylate 4 was converted to the thiazolium 5 by heating
with a large excess of thiazole at 80°C.[") However, no product was detected even after 2
days.



We turned out our attention to the use of microwave irradiation. This technique was widely
developed in our Laboratory and in other research groups.!'”! The combination of solvent-free
conditions and MW irradiation considerably reduces reaction time, enhances conversions as
well as selectivity and sometimes enables the preparation of molecules which are impossible
to synthesize in classical conditions.!"*!

Many experiments were carried out by varying the number of equivalents of thiazole, the
temperature and the reaction time using solvent-free MW reaction conditions. The best result
was obtained when performing the reaction of tosylate 4 with 5 equivalents of thiazole at
130°C for 2h. Purification by flash chromatography on silica gel afforded the desired
thiazolium salt 5 in 66% yield. Using the same strategy, but with only 2 equivalents of
reagent, the triazolium salt 6 and a series of 1-substituted imidazolium salts 7 were isolated in
70% and 82-88% yields, respectively.

Asymmetric reduction of aromatic ketones by transfer hydrogenation reaction

After achieving the synthesis of these azolium salts containing a chiral moiety, we were
interested in testing their potential as precursor to NHC ligands for asymmetric catalysis.

The reduction of acetophenone to 1-phenylethanol was chosen as a model reaction to explore
the catalytic behaviours of complexes using iPrOH as the hydrogen donor in the presence of
KOH as promoter. From a practical point of view, the application of in situ prepared catalysts
has significant advantages. Thus, a small library of chiral azolium salts (Scheme 1,
compounds 5, 6, 7) as carbene precursors and [Rh(cod)Cl], as catalyst precursor were tested.
The complex formation conditions are described in detail in the experimental section.

We have first screened the effect of ligand to metal (L/M) ratio and the substrate
concentration ([C]) on catalytic activity and asymmetric induction of the transfer
hydrogenation. The catalytic trials were carried out using acetophenone (1.0 mmol),
[Rh(cod)Cl], catalyst precursor (1 mol%), KOH (5 mol%), and iPrOH at 80°C for 20 h. The
methylimidazolium salt 7a was used for these experiments. The reaction conversion was
monitored by 'H NMR and the enantiomeric excess was determined by chiral HPLC analysis.
Some significant results are presented in Table 1.
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Scheme 2: Asymmetric transfer hydrogenation of acetophenone.



Table 1: Screening of ligand / metal (L / M) and substrate concentration [C] for ATH of
acetophenone.

Entry L/M [CI(M) T[°C] Time [h] Conv.™ [%] ee™ [%]
1 1 0.4 80 20 65 0
2 2 0.4 80 20 63 38
3 3 0.4 80 20 71 60
4 3 0.2 80 20 82 80
5 3 0.1 80 20 63 76
6 3 0.2 65 72 59 84
7 3 0.2 50 72 33 90

Reaction conditions: acetophenone (1 mmol), [Rh(cod)Cl], 1 mol-%, KOH 5 mol-%. [a] Determined by 'H
NMR. [b] Determined by chiral HPLC analysis using Chiralcel OD-H column. [c] [acetophenone]= 0.2M in
iPrOH.

Initial investigations showed a crucial effect on reactivity and especially on asymmetric
induction by varying ligand/metal (L/M) ratio. The best conversion and enantioselectivity
were obtained at L/M 3 and at 0.2M concentration of the substrate (Table 1, entry 4).
Noteworthy, there is a significant temperature effect on the reaction rate and enantiomeric
excess. The highest ee of 90% was obtained when performing the reaction at 50°C. However,
only 33% conversion was observed after 3 days (Table 1, entry 7).

It is well-known that transfer hydrogenations are sensitive to the nature of the base. Thus, the
influence of potassium fert-butylate, sodium hydroxide and potassium hydroxide, used as
promotor, on selectivity and conversion was investigated. In all cases, good conversion (>
72%) was observed. The best conversion and enantioselectivity were obtained in the presence
of 2 mol% potassium hydroxide, one of the most common bases for transfer hydrogenation
(Table 2, entry 4). By increasing the amount of base up to 8 mol%, the same reaction rate is
recorded, while a drop in ee was observed (Table 2, entry 6).

Table 2: Influence of nature of the base co-catalyst on the reduction of acetophenone by transfer
hydrogenation

Entry  Base nature Base [mol-%]  Conv." [%] ee™ [%]
1 BuOK 5 72 58
2 NaOH 5 74 73
3 KOH 5 82 80
4 KOH 2 90 80
5 KOH 1 76 80
6 KOH 8 87 64

Reaction conditions: acetophenone (1 mmol), [Rh(cod)CI], 1 mol-%, L/M = 3, [C] = 0.2M, T = 80°C, t = 20h.
[a] Determined by "H NMR. [b] Determined by chiral HPLC analysis using Chiralcel OD-H column.

Next, the influence of the ligand nature was investigated. As shown in Table 3, we examined
6 examples out of the growing number of carbene precursors (5-7) under the previously
optimized conditions for the transfer hydrogenation of acetophenone. Very low activity or no



conversion was observed when using, respectively, triazolium salt 6 or thiazolium salt § as
precursor to NHC ligands (Table 3, entries 1 and 2). Summarizing the activities of
imidazolium salts 7, a crucial influence was observed by variation of substituents at the
nitrogen atoms of the imidazolium salts. The best conversion and enantioselectivity were
obtained when performing the transfer hydrogenation of acetophenone using imidazolium 7a
(R = Me). The same conversion but lower ee were recorded with 7b (R = Bu). Very
surprisingly, the reaction did not proceed at all with 7¢ (R = Ph) or 7d (R = Bn) (Table 3,
entries 5 and 6).

Table 3: Variation of azolium salts in the ATH of acetophenone
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Entry  Azolium salt Conv." [%] ee™ [%]
1 5 0 0
2 6 15 nd'®
3 7a 90 80
4 7b 90 46
5 7c 0 0
6 7d 0 0

Reaction conditions: acetophenone (1 mmol), [Rh(cod)Cl], 1 mol-%, L/M =3, [C]=0.2M, T =
80°C, t = 20h. [ Determined by 'HNMR. ' Determined by chiral HPLC analysis using
Chiralcel OD-H column. [c¢] Not determined.

In order to demonstrate the usefulness of the catalysts in a more general manner, we
employed the catalyst system [Rh(cod)Cl],/ NHC in the transfer hydrogenation of eight
aromatic ketones (Table 4). Since the imidazolium salt 7a displayed the highest activity and
asymmetric induction for the transfer hydrogenation of acetophenone, we tested this NHC
precursor with some functionalized acetophenones which are more difficult to hydrogenate.
The substrates were selected so as to have either electron-donating or electron-withdrawing
moieties on the phenyl ring. According to the literature, no decomposition or side reactions of
these substituted ketones in transfer hydrogenation has been detected.!'”!

Table 4: ATH of aromatic ketones
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Entry Ketone Isolated yield [%] ee[%]
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Reaction conditions: acetophenone (1 mmol), [Rh(cod)Cl], 1 mol-%, L/M =3, [C] =0.2M, T =
80°C, t = 20h. ™ Determined by chiral HPLC or GC (see experimental section).
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As shown in Table 4, these ketones can be transformed to the corresponding secondary
alcohols under the optimized reaction conditions for acetophenone. The steric and electronic
properties of substrates affected considerably on the chemical yield and enantioselectivity.
The more electron rich the substrates are, like methoxy or methyl, the slower the reaction with
the catalyst system [Rh(cod)Cl],/ NHC is (Entries 3 and 4). Introduction of an electron-
withdrawing group, however, led to much lower enantioselectivity, but higher yield (Entry 6).
On the other hand, a slight negative effect on yield and enantioselectivity was observed when
performing the ATH with acetonaphthone in lieu of acetophenone, presumably due to
increased substrate bulk (Entries 7 and 1). This was confirmed when increasing the bulkiness
of the R group, next to the active center, very low activity and enantioselectivity were
recorded (Entries 2 and 8).

Conclusions

In summary, we have developed a new and flexible procedure for the synthesis of chiral
azolium salts, precursors to N-heterocyclic carbene, derived from (S)-pyroglutamic. We have
also demonstrated the successful application of rhodium catalysts containing chiral NHC
ligands in the asymmetric transfer hydrogenation of aromatic ketones. Good yield and
enantioselectivity were observed for acetophenone as the substrate. Although the results are
certainly still quite modest with respect to what can be achieved using well developed
asymmetric transfer hydrogenation catalysts, this represents the highest enantioselectivity to
date for a transfer hydrogenation catalysts incorporating a chiral NHC ligand. Attempts to



identify the NHC-rhodium complex structures as well as the catalytic species of the procedure
are currently underway in our Laboratory.
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