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Abstract

Recently a new mechanism for the enantioselective hydrogenation of (activated) ketones has been suggested, involving a zwitterioni
intermediate between the tertiary amine function of the chiral modifier and the keto—carbonyl group of the reactant. The present NMR study
indicates that the mechanistic model is probably based on erroneous interpretation of the experimental data; the NMR spectra that hav
been reported for zwitterion formation may arise from an aldol addition product between the ketone and solvent acetone. Steric effects an
the regioselectivity of the hydrogenolysis of the hypothetic zwitterionic intermediate also exclude this mechanism for ketone hydrogenation
on Pt.
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1. Introduction H-O-type H-bond involving the ester carbonyl O atom of
methyl pyruvatg13]. Some other ideas are based on the in-

The enantioselective hydrogenation of activated ketonesteraction of the chiral amine as a nucleophile with the keto
was discovered more than 25 years §fjobut there is still € atom[14—16] Recently, even the formation of a covalent

no agreement on the possible mechanism(s) of these reacc_N bond leading to a zwitterionic intermediate has been
tions[2]. Excluding the early “template” modg8], all other suggestefl 7-20}

models assume a 1:1 interaction between the chiral amine Only two of the above-mentioned mechanisms are sup-
or amino alcohol-type modifier and the reactant. The nu-
merous mechanistic models may be divided into two major
groups, depending on the chemical nature of the crucial at-

tractive interaction between the amino group and the ketone. - . . .
One possibility is the formation of an N—H—O-type hydrogen high-pressure conditiorf22]. The model assuming zwitter-

bond, representing the interaction of the protonated amineioniC intermediates has begn justified.by an ?@2[3’] and
with the keto O (in acidic mediun4—7]) or the interac- two recent{18,19]NMR studies on the interaction between
tion between the amine and the half-hydrogenated state oftertiary amines and 2,2,2-trifluoroacetophenone derivatives.

various ketonef8—12]. An analogous model assumes an N— N the past we have studied intensively the interaction of ter-
tiary amine-type modifiers with various activated ketones

(including fluorinated ketones) by spectroscopic methods

mpon ding author. Fax: +41-1-6321163 but_never founq any |nd_|cat|on ofa c_ovaler_1tly bound adduct.
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ported by direct experimental evidence. The N-H-O-type
interaction between CD and ketopantolactone was observed
by in situ ATR-IR spectroscopy on Pt/#D3 [21], including
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Scheme 1. Possible reactions of 2,2,2-trifluoroacetophehanthe presence of water, Dab2pand acetone.
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2. Experimental

1,1,1,3,3-Pentadeutero-5,5,5-trifluoro-4-{ldioro-phen-
yl)-4-hydroxy-2-pentanonb was synthesized in analogy to
ketol 2 in Ref. [24] (see supporting information). Dabco
(1,4-diazabicyclo[2,2,2]octane?, Lancaster, 0.68 mass%
water as determined by Karl Fischer titration) was used as
received.

13C and'H NMR spectra were recorded on a Bruker
Avance 500 spectrometer with TMS as an internal refer-
ence.'%F NMR spectra were recorded on a Bruker BZH °r 120 40 960 1080 1200
200/52 spectrometer. The gFRignal of 4-fluoro-2,2,2-
trifluoroacetophenoné (Scheme 1 was set at+5.9 ppm
(relative to trifluoroacetic acid) to be comparable to the data Fig. 1. A sample of 0.1 mmal and 0.5 mmol Dabc@ dissolved in ca.

in the early report by Schilling and co-workdgs]. 0.7 mld-acetone. The evolution of the products was followed ¥y NMR
during a period of 55 days.

o

time (h) after addition of 2

3. Results reach equilibrium even after 55 days at ambient temperature
(a, b, and c irFig. 1). Importantly, the experiments revealed
3.1. Solvent effect no additional signals that could be traced to the Dabco part

of 3; the interpretation of this fragment is missing in the lit-
In 1980 Schilling et al[23] published an NMR spectrum  erature.
as evidence for the equilibrium formation of a zwitterionic Formation of the hydrate was very fast. It is very unlikely

adduct3 from the tertiary amine Dabc@ and the fluori- that the zwitterion3 could not be detected simultaneously
nated ketonel in d-acetone (se&cheme L Subsequent  with the hydrate, because Dabco was present in large excess
NMR measurements with other,«,«-trifluoromethyl ke- compared with the amount of water and Dabco is a much

toneg[19] confirmed the formation of a zwitterionic adduct, stronger nucleophile than water. It was shown that the ad-
though explicitly only in acetongl8]. To clarify the situa- dition of N-nucleophiles to 2,2,2-trifluoroacetophenone was
tion, we repeated the original experiment witland Dabco faster than its hydratiof25].

as models for the activated ketone and tertiary amine mod- A crucial observation was that formation of the new prod-
ifier, respectively $cheme L When Dabco was added to ucts (a—c) was highly dependent on the concentration of
a solution of1, the signals of the hydraté¢ appeared im-  acetone in the sample. When a 1:5 mixture of acetbne:
mediately. Unfortunately, even a freshly opened bottle of THF was applied as solvent, the reaction was much slower
Dabco contained some water (0.68 mass%), and the aminghan in acetone. When the experiment showfim 1 was
was used in excess relative to the ketone. (This complicationrepeated ir/-THF, no new signals in addition to those of hy-
was mainly absent when quinuclidine instead of Dabco was drate could be detected even after 27 h. Note dh@dHF is
applied.) When Dabco was added in fivefold excess to a so-typically used as a solvent when highly polar intermediates
lution of 1 in d-acetone, it took more than 1.5 h until small have to be stabilized during the reacti@6].

additional signals could be detected % NMR; these sig- When the interaction of and Dabco was investigated in
nals correspond to those reported by Schilling eff23]. another weakly polar solvent, GDBl,, a white precipitate
Altogether three new sets of fluorine signals could be fol- dropped out quickly. This compound could be identified as
lowed that, in contrast to Schilling’s observati@3], did not a chloride salt of the N-chloromethyl derivative of Dabco.
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The analogous precipitate did not form when quinuclidine and the “simple” quartet remained. The quintet of C(3pof
was used instead of Dabco, but the zwitterionic adduct could at 46 ppm was almost hidden behind the broad Dabco sig-
not be detected either. We extended the study in@pto nal, but part of the fine structure could be seen at higher
other fluorinated ketones (2,2,2-trifluoroacetophenone andfield. Additional C(1) septets that would correspondi®,
1,1,1-trifluoro-2,4-pentanedione) and other strong, cyclic and7 at slightly lower field than the-acetone signal could
and acyclic N-bases (quinuclidine and triethylamine), but no be clearly seen around 31 ppm. Note that in the literature

zwitterionic adduct could be found. [23] the signals above 190 and below 65 ppm have been ne-
glected.
3.2. Ildentification of the products in acetone From these results we assumed thand b should be

identical. To verify this assumption we synthesiZeénd

The kinetics of the interaction df, Dabco, and acetone, added small amounts (ca. 20-25% relative to b) to the re-
based on'°F NMR analysis, is shown iffig. 1 The hy- action mixture after 55 days. As a result, the characteristic
drate4 formed immediately with traces of water in Dabco. signals of b increased, confirming that the major species
Subsequently, both and 1 were consumed and three new is5, and not the zwitterioB. Moreover, we could never find
species appeared with distinct chemical shifts arou2d® any signal that could originate from the positively charged
for the CF; signal and—37.7 for the aromatic F signal. Dabco part of3. These signals cannot be overlooked, be-
As mentioned previously, the slow formation of the prod- cause of their intensity (8 CH, next to N™). These data
ucts a, b, and c was limited to the presence of acetone. Theare completely missing from the former reports that sug-
time-dependent changes indicate that of the three adductsgested zwitterion formatiofi23]. Note that the signals at
b seems to be the most thermodynamically stable species. 48.5, 61.7, 71.2, and 73.8 ppm were already present when

On the basis of earlier studies on the interaction of 2,2,2- 2 was measured id-acetone in the absence bfTherefore,
trifluoroacetophenone with water and acetf#®, and with they cannot be traced &

various nucleophilef25], interaction of the activated ketone To identify species a and ¢ we have to consider the spec-
1 with acetone in the presence of the sufficiently strong basetral data of5, which indicate strong intramolecular hydrogen
Dabco should afford the aldol produbtand, after elimi- bridges between the OH group and either the carbonyl or the

nation of water6 and7 (Scheme L Self-condensation of = CFz group. Different conformers/rotamers that would also

acetone in the presence of Dabco was not observed even afhave slightly different spectral properties can coexist in so-

ter 1 month. Despite the steric repulsion between the ring lution, but in the presence of Dabco they equilibrate. More-

and the carbonyl group in thes-isomer7, such compounds  over, the conformers/rotamers Bthave identical chemical

are stable and can be synthesiga4i. shifts for thel®F signal of the aromatic F and for the aro-
The propose®cheme 1s in line with the NMR analysis:  matic13C signals, which was not the case for a, b, and c. If

after 6 days, when the concentrations of species a and c inwe consider the different spectral properties for the aromatic

Fig. 1were close to their maximum, three additioR?C car- part and particularly the two carbonyl signals at 203.6 and

bonyl signals were observed at 205.7 (presumably f8m  203.3 ppm that formed in the early stage of the reaction (see

203.6, and 203.3 ppm. THEC NMR spectrum of the mix- Fig. 2), the aldol product§ and7 are the most probable can-

ture is shown irFig. 2. The positions of the latter two signals, didates for species a and c. The slow rehydratio6 afid 7

which were poorly visible again after 50 days, fit well with to 5is facilitated by the dehydration dfto 1 (Scheme )1

the carbonyl signals of the aldol condensation prodécts

and7 [24], even though the corresponding unsaturdfi

signals of these compounds could not be identified unam-4. Discussions

biguously. Because of direct coupling with D and long-range

coupling with i3 we would expect 2 2 sets of multiplet A major source of difficulties in clarifying the real na-
structures of low intensity between 130 and 140 ppm, which ture of interactions during the enantio-differentiating step
is the region where the aromatic signals were found.*Pge is the numerous side reactions of activated ketones, in-

quartets of the Cigroup of5, 6, and7 are expected at sim-  cluding the Pt-catalyzed oligomerization and decarbonyla-
ilar frequency around 126 ppm, where indeed three quartetstion, and the amine-catalyzed aldol reaction and cycliza-
were found. tion [27]. As a result, most mechanistic ideas in heteroge-
Let us consider the most characteristic quartet at 75.7 ppmnpeous enantioselective catalysis are based on assumptions

upon which the identification of the zwitterion was based and (at best) calculations, and reliable experimental evidence
earlier[23]. After 6 days overlapping quartets of different is difficult to provide. A recent proposal for the mechanism
intensities were found, and after 50 days only the most in- of enantioselective hydrogenation of ketones on cinchona-
tense quartet remained. The probable explanation for this ismodified Pt is based on the NMR observation of quaternar-
the formation of5 (quartet) and deuterizegl(OD instead of ized (zwitterionic) adducts between cyclic tertiary amines
OH), which gives a quartet that is further split into a triplet and «,«,«-trifluoromethyl ketone§17—20] However, our

by D via O. The chemical shifts are almost identical and detailed NMR analysis, involving several fluorinated ke-
the signals overlap. With time OD was exchanged to OH, tones, tertiary amines, and apolar or polar solvents, gave no



E. Orglmeister et al. / Journal of Catalysis 234 (2005) 242-246

245

X |
I L
|\ |
| \ »Jj \W | \\
'/b/ \'WUKMM M/JKMUUJ \\
y \_Ll H l"-}v-r'h iy 'Jdl \'L v
pplm 200 175 150 125 100 75 50 25 0

Fig. 2.13C NMR spectrum of 0.1 mmdl and 0.5 mmol Dabc@ in d-acetone after 144 h. The regions where aldol addition can be observed are enlarged.

hints to the formation of a zwitterionic adduct. Nevertheless, arise from an aldol addition product between ther,«-
the a,a,a-trifluoromethyl ketonel was not unreactive: the  trifluoromethyl ketone and the solvent acetone, and the re-
basic amine catalyzed the hydration and the aldol reaction ofaction is catalyzed by the tertiary amine used as a model for
the activated ketone with acetone, as depicte8idheme 1 the chiral amine modifier.

In addition to this experimental evidence, the zwitterionic
model is not favored also because of steric effects. Nucle-
ophilic attack of the quinuclidine N atom of cinchona alka- Acknowledgments
loids on the carbonyl C atom of small cyclic ketones and
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However, good to high ee’s have been achieved with thesefor fruitful discussions. Financial support by the Swiss Na-
substrates, including ketopantolactof#8], cyclohexane-  tional Science Foundation is gratefully acknowledged.
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Another critical point is the rate and regioselectivity of Supporting information
the hydrogenolysis of the zwitterionic C¥Noond. Hydro-
genation of activated ketones is very fast on Pt, but this metal  The online version of this article contains additional sup-
is a poor choice for C-N bond hydrogenolysis, and success-porting information (synthesis &and detailed NMR spec-
ful reactions are rare. In both examples cited in the original tra).
mechanistic propos#l 7], the C-N' cleavage occurs in the Please visit DOI: 10.1016/j.jcat.2005.06.005.
benzylic positio33,34], which is no option for the hydro-
genation of aliphatic ketones, for example, pyruvate esters
on cinchona-modified Pt. Furthermore, when naphthylethyl- References
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