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Abstract

Enantioselective hydrogenation of aromatic and heteroaromatic compounds is the field where chirally modified metal hydrogenation
catalysts have the biggest potential compared to homogeneous chiral transition metal complexes. Here we report the hydrogenation ¢
furan and benzofuran carboxylic acids over a cinchonidine-modified 5 wifAIRP@3 catalyst. §)-Tetrahydrofuran-2-carboxylic acid was
synthesized in 4 h at rt and 30 bar with 95% yield and 32%Theeewas lower in the hydrogenation of methylfuran carboxylic acids but
up to 100%dewas achieved. In the slow hydrogenation of benzofuran-2-carboxylic acidetient up to 50% at 29% yield. The potential
application of the method is limited by the competing hydrogenation of the quinoline rings of cinchonidine in the latter reaction, necessitating
the feeding of small amounts of cinchonidine during reaction. Still, this simple method using an easily available chiral modifier and catalyst
affords the highest rate arekreported so far in the catalytic asymmetric hydrogenation of furan and benzofuran carboxylic acids, and it
may be an attractive route in combination with optical resolution. We assume that the reaction mechanism is analogous to that described fc
a, B-unsaturated carboxylic acids over the same catalyst, involving a 1:2-type interaction between the cinchonidine and the acid dimer.

0 2003 Elsevier Inc. All rights reserved.
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Hydrogenation of aromatic and heteroaromatic com-
pounds is a challenging topic in enantioselective catalysis
as most of the reactions are characterized by very poor Pd/AL,0,
ees [1-5]. Recently, the hydrogenation of furan-2-carboxylic %\ H,, CD Q_>\
acid was attempted with homogeneous Rh diphosphine cat- o~ ~COOH @ 0~ ~COOH
5a

alysts [6]. Up to 24%ewas obtained at a substratatalyst

molar ratio of 20 but the reaction was very slow requiring Scheme 1. Hydrogenation of furan and benzofuran carboxylic acids over

20 h at 100 bar to achieve 3% yield. In the absence of a 5Wwt% PJAl203 modified by cinchonidine (CD).

useful catalytic method, the optically active tetrahydrofuran-

carboxylic acids are prepared by conventional methods such

as optical resolution [7]. paper, Mitsui et al. [9] reported the chemoselective satura-
Intrigued by the importance of chiral tetrahydrofuran- tion of the aromatic ring o to form tetrahydrofuran-2-car-

carboxylic acids as useful intermediates [8], we studied the POxylic acid without hydrogenolysis-type side reactions over

enantioselective hydrogenation of some furan carboxylic P9/C and Raney Ni catalysts. Itis also known that supported

acids over heterogeneous catalysts (Scheme 1). In an earl2nd unsupported Pd modified by naturally occurring chiral
compounds, such as cinchona and vinca alkaloids, are ef-

fective in the enantioselective hydrogenation efC bonds

in endo- and exocyclic alkenones (up to 5%% [10-14],

* Corresponding author. a, -unsaturated carboxylic acids (up to 729 [15-21],
E-mail addressbaiker@tech.chem.ethz.ch (A. Baiker). and 2-pyrone derivatives (up to 9486 [22—24]. In the hy-
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drogenation of other functionalized olefins chirally modified split injection (250°C, 20:1), He carrier gas (42 ¢ 1),
Pd is far less efficient [25-27]. FID detector (275C), 80-18CC column temperature.
Here we report that a cinchona-modified/RthO3 is the Derivatization was carried out by heating ca. 5 mg car-
best catalyst among the Pt-group metal hydrogenation cata-boxylic acid and 0.1 mL of a 1 M solution of trimethylchloro-
lysts for the synthesis of chiral tetrahydrofuran-carboxylic silane in MeOH for 2 h. After evaporation of the solvent the
acids, and a comparison to the only known homogeneousresidue was dissolved in 1 mL toluene or ethyl acetate. Hy-
Rh catalyst [6] is also in favor of Pd. drogenation ofa was followed by NMR analysis.
In the hydrogenation ola, the (S)-(—)-1b enantiomer
was formed in excess over CD-modified Pd, as confirmed
2. Experimental by using commercially availableR)-(+)-tetrahydrofuran-2-
carboxylic acid €e98%, Lancaster). On the basis of analo-
Furan-2-carboxylic acidl@, Fluka, 98%), 3-methylfu-  gous separation of the products we assume that also in the
ran-2-carboxylic acid4a, Lancaster, 98%), furan-3-carbo- hydrogenation o8a and 5a the (S)-enantiomer formed in
xylic acid (3a, Aldrich, 99%), 2-methylfuran-3-carboxylic ~ €xcess. Two diastereomerssandtrans) may be formed in
acid @a, Lancaster, 97%), benzofuran-2-carboxylic acid the hydrogenation dta and4a. All four enantiomers could
(5a, Fluka, 98%), and pyrrole-2-carboxylic acidg( Fluka, be detected by GC analysis but determinatioe@fvas re-
98%) were purified by sublimation followed by recrystal- liable only for the twocis-isomers. In these reactions the

lization from hexanéla, 2a, 3a, 4a) or toluene %a). Methyl- major enantiomer was not identified.

2-furoate 6a, Fluka, 97%) (Scheme 2) was used after distil- ~ The incrementake was calculated as followsAee =
lation in vacuum. Cinchonidine (CD, Fluka, 98% alkaloid) (ee1 - yield; — eez - yield,)/(yield; — yield,).

and all other chemicals were used as received. CD consumption during reaction was followed by UV—

A 100-mL autoclave equipped with a 50-mL glass liner, Vis spectroscopy using a Cary 400 spectrophotometer. Be-
a PTFE cover, and a magnetic stirrer (500 rpm) was usedfore analysis the samples were diluted with 2-propanol by a
for hydrogenations_ Total pressure angl lh-ptake were con- factor of 5. NMR measurements were carried out on a DPX
trolled by a computerized constant volume constant pressure300 spectrometer.
equipment (Bichi BPC 9901). Under standard conditions
the catalyst pretreatment and the hydrogenation reactions
were carried out at room temperature and 30 bar. At first, 3. Resultsand discussion
40 mg 5 wt% PdAl O3 catalyst (Engelhard 40692, Pd dis-
persion: 0.21 as determined by TEM) was prereduced with 3.1. Choice of catalyst and reaction conditions
hydrogen for 5 min in 10 mL solvent. Then 0.45 mmol sub-
strate and 68 umo| CD modiﬁer were addedMS: 65) At ﬁrst, Various Pt, Rh, RU, and Pd CataIyStS Supported
and the reaction was started. No external mass transport lim-0n Al20z, active C, TiQ, or CaCQ were tested in the hy-
itation (no effect of stirring rate) was observed in the rather drogenation of furan-2-carboxylic acidd). Cinchonidine
slow hydrogenation of the furan ring. Intraparticle diffusion Was applied as chiral modifier in toluene, at room tempera-
effects cannot be ruled out completely, but are unlikely due ture and 30 bar (standard conditions). A 5 wt%/ Rt;O3
to the relatively low rate compared to the corresponding Provided 83% conversion in only 3 h and 318 to (S)-
racemic (unmodified) hydrogenation. 1b. Substituting CD with its diastereomer cinchonine led to
Conversion and enantioselectivity were determined after Somewhat lower conversion (72%) and to inversion of con-
derivatization using an HP 6890 gas chromatograph and afiguration (27% R)-1b). The chemoselectivity of cinchona-
Chirasil-DEX CB (Chrompack 7502, 25 m 0.25 mm x modified Pd Al,03 was also good, at least 95%, depending
250 nm) capillary column for the hydrogenation products ©N the conditions (solvent, pressure, and temperature). CD-
1b, 2b, 4b, 5b, 6b and a CYCLOSILB (J&W 7419117, modified RIYAl O3 afforded only 4%eeat 5% conversion

30.0 mx 0.25 mmx 0.25 pm) column fo3b. Conditions: ~ and supported Ru and Pt were inactive.
The role of catalyst pretreatment was investigated in the
Pd/ALO, hydrogenation of benzofuran-2-carboxylic acté). Prere-
@\ LoD O\ yield 22%, ee 0% duction of the catalyst stored in air before addition of the
o~ ~coocH, M 0~ TCOOCH, L
6a o substrate was necessary to reduce the oxidized metal surface
and thus avoid metal leaching by the acidic substrate. Al-
@\ Pd/ALO, . ready 5 r.n?n stirring in K at room temperature in the solvent
N COoOH  H,CcD reaction was sufficient to reduce the surface Pd oxides. In the hydro-
H genation ofba the best results were obtained when CD and
7a the substrate were added together to the catalyst slurry af-
Scheme 2. Hydrogenation of methyl-2-furoseand pyrrole-2-carboxylic ~ t€r prereduction. When the modifier was added first to the
acid7a. Standard conditions, 10 mL 2-propanofMs= 52 and $M = 6.5, prereduced catalyst and stirred for 2 min before addition

respectively. of the substrate, theewas not affected but the hydrogena-
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Table 1
The role of solvent polarity in the hydrogenationlafand5a under standard conditions (20 mL solvent)
Substrate Solvent E'T“ Time (h) Conversion (%) ee(%)
U\ H>0 1.00 1 100 10
o~ ~COOH AcOH 0.64 3 88 22
1a 2-Propanol 0.54 3 38 35
3-Pentanone 0.27 3 19 39
THF 0.21 3 12 42
Toluene 0.10 3 83 31
AcOH 0.64 4 8 23
\ 2-Propanol 0.54 4 6 45
0" COOH 3-Pentanone 0.27 4 3 34
5a THF 0.21 4 3 19
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Fig. 1. Variation ofeewith conversion in the hydrogenation td. Standard Fig. 2. Effect of substragenodifier molar ratio (3M) on the conversion
conditions, 20 mL toluene, M = 6.5. dependence ofein the hydrogenation oba. Stgndard conditions, 10 mL
2-propanol, $M = 6.5, 26, and 52 corresponding to 20, 5, and 2.5 mg CD,
respectively.

tion rate dropped to less than one-half. In the reverse case,

when adding first the substrate and stirring it with the pre- were carried out at room temperature and 30 bar (standard

reduced catalyst for 2 min before adding the modifier, the conditions).

eedecreased by 10-25%, compared to the reaction with si- The effect of solvent depended on the structure of the

multaneous addition of the reaction components. The likely substrate as illustrated in Table 1 on two examples. In the

explanation for these effects is the strong, almost irreversible hydrogenation of furan-2-carboxylic acid&), in most sol-

adsorption of CD and benzofuran-2-carboxylic acid on the vents except toluene, treeincreased with decreasing sol-

Pd surface. vent polarity characterized by the empirical solvent para-
The reaction temperature and pressure had only a smallmeter EY [29], while the rate of conversion decreased. In

influence on the catalyst efficiency. For example, in the hy- the reduction of benzofuran-2-carboxylic ackh) the ef-

drogenation of furan-2-carboxylic acid in toluene, the reac- fect of solvent polarity on the reaction rate was similar but

tion rate increased with increasing temperature (100 no clear correlation could be established between solvent po-

as expected, and thee varied in a narrow range 31-36% larity andee Note that toluene and water could not be used

with a maximum at 25C. Similarly, the hydrogenation in the latter reaction due to the low solubility of the reac-

rate increased at higher pressure in the range 5-30 bar and@nt. In the solvents tested, hydrogenatiorbafwas 5-15

the ee barely changed. Higher pressures, however, were times slower than that dfa. The difference is attributed to

detrimental to the enantioselectivity: e.g., hydrogenation of the stronger adsorption 6& on Pd, and to the larger number

benzofuran-2-carboxylic acid was attempted to accelerate byof Pd” sites covered by one molecule.

working at 85 bar but theedropped to about one-half. We

assume that at this high pressure the quinoline ring of the 3.2. Competing hydrogenation of cinchonidine

modifier is rapidly hydrogenated, leading to a weaker ad-

sorption of the modifier and a loss @&[22,28]. This point The above parameter study was obscured by the some-

will be discussed below. Accordingly, further experiments times strong variation oke with conversion. For exam-
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Fig. 4. Conversion of cinchonidine (CD) followed by UV-vis analysis and

Fig. 3. Hydrogenation of CD over PAl,O3 in the absence of substrate ~ Vvariation ofeewith time in the hydrogenation da. Standard conditions,
followed by UV-vis spectroscopy. Standard conditions, 10 mL 2-propanol. 10 mL 2-propanol, gV = 52.

ple, during hydrogenation of furan-2-carboxylic acigy in
toluene theeeslightly increased with conversion (Fig. 1),

L . O HO N
while it was constant in acetic acid (not shown). The conver- H
. : S 5 wi% Pd/ALO,
sion dependence of enantioselectivity was affected also by
the substratémodifier ratio as shown in Fig. 2 for the hy- H,, 30 bar, r.t. .
drogenation of benzofuran-2-carboxylic acy. 45 min H

Variation of eewith time and substragenodifier ratio in
solution is attributed to changes in the actual surface concen-Scheme 3. Hydrogenation of cinchonidine (CD) over 5 wi%AtdOs un-
tration of the modifier. The observation tlegincreases with ~ der standard conditions, in 2-propano {§= 52).
increasing modifier concentration is a common feature of all
hydrogenation reactions over chirally modified metal cata- The relative amount of modifier remaining in solution after
lysts [30]. In some cases this correlation is valid up to very filtering off the catalyst was determined by subtracting the
high modifier concentrations [31], while in other reactions a reference spectrum of CD (initial solution, corresponding to
maximum is observed [32]. A plausible explanation for the 0 min) from the measured spectrum (Fig. 3). Since the band
decay ofeeat higher CD concentrations is the change of the of partially hydrogenated CD (280-335 nm) is much broader
adsorption mode of alkaloid on the metal surface which di- than the characteristic band of CD (315 nm), quantification
minishes these of CD concentration is not hindered.

Over Pd catalysts, hydrogenation of the quinoline ring Fig. 4 illustrates the consumption of CD on the 5 wt%
system of CD is an important side reaction that weakens its Pd/Al O3 catalyst in the presence of hydrogen. The exper-
adsorption on Pd and thus reduces the actual surface CD coniment corresponding to a substrateodifier molar ratio of
centration with time [22,28]. As a consequence gbearies 52 in 2-propanol, shown in Fig. 2, was repeated at 1 and
also with time (conversion). This effect is clearly indicated in 30 bar, but in the absence of benzofuran-2-carboxylic acid
Fig. 2 by the rapid loss adeat the highest substratmodifier (5a). After 1 min preadsorption, in both cases 86% of the
molar ratio of 52, corresponding to the lowest modifier con- initial amount of CD remained in solution, the rest being
centration. At higher modifier concentrations there is suf- adsorbed on the catalyst (starting point of the two CD hy-
ficient unreacted modifier in solution or on the support to drogenation curves in Fig. 4). At 30 bar no more alkaloid
replace the hydrogenated modifier on the metal surface, andmolecule remained in solution after 45 min, as illustrated in
thus theee does not drop with increasing conversion, but Figs. 3 and 4. However, it is very likely that at this point
may even increase by approaching the optimum surface con-some unhydrogenated CD was present on the surface of Pd
centration (3M = 6.5). Note that hydrogenation of the vinyl and ALOs3 support. As expected, the saturation of the quino-
group of CD is fast but this transformation has no influence line ring of CD was much slower at 1 bar: 52% of the initial
on the enantioselection [33,34]. amount of CD was still present in solution after 45 min, as

The rate and extent of the hydrogenation of CD were determined by UV-vis analysis (Fig. 4).
followed by UV-vis measurements, which method offers a  To confirm the transformation of CD, the experiment at
sensitive detection of the (partial) saturation of the quinoline 30 bar was repeated and after 45 min the solution was ana-
ring system that is the chromophore moiety of the alkaloid. lyzed by NMR. In agreement with the UV-vis analysis, con-
Details of the method have been reported earlier [35,36]. version of the alkaloid was complete and the only detectable
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anchoring moiety of the modifier providing fixed adsorption

on the Pd surface [32,37-39]. The hydrogenated modifier

is expected to adsorb weaker and thus afford logesiThe

_______________ 23h calculated incrementaewas constant after 120 min at the

504 oY T ° level of 13—14%, confirming the assumption.

; A practical solution to this difficulty is the feeding of

404 small amounts of modifier to the reaction mixture [22,32].

| For example, when starting the experiment with 2.5 mg CD,

20 the eedropped rapidly with the conversion of benzofuran-
@U\ 2-carboxylic acid %a) (Fig. 5). Repeating the experiment

with a stepwise feeding of 0.5 rjif CD was sufficient to

20 4 () COOH . . Lo .

50 maintain theee above the initial value even when feeding

was ceased after 7 h. Under these conditions the overall

10 —— 77— 7 substratgmodifier ratio was 22.
0 5 10 15 20 25 30

Conversion, %

g 2.5mgCD(S/M=52)

604 ® 25mgCD+05mgCD/h

Enantiomeric excess, %

3.3. Effect of substrate structure
Fig. 5. Influence of feeding CD (0.5 nilg) during hydrogenation dfa.
Standard conditions, 10 mL 2-propanol, initigi\® = 52. The efficiency of CD-modified PGAI 203 in the hydro-
genation of some furan and benzofuran carboxylic acids
. varied in a broad range (Table 2). Changing the carboxyl
product was formed b.y s_aturat|on of the=C double bond group from 2 to 3 position in the furan ring4) lowered the
and the heteroaromatic ring (Scheme 3). enantioselectivity but increased the reaction rate. This shift

When both5a and CD were present in the reaction mix- may be attributed to electronic effects as indicated by the
ture, hydrogenation of CD was somewhat slower, due to different aC|d|ty of3aandla (pKa= 3.16 and 4.03, respec-
competing adsorption of substrate and modifier on the Pdtjvely)[40]. Assuming an acid-base type interaction between
surface. For example, after 45 min there was still about 10% the substrate and the 1,2-aminoalcohol-type modifier (see
of the initial amount of CD present in solution. Note that in  below), this interaction is likely influenced by th&gvalue
this series the analysis of CD consumption was less accuratef the carboxyl group. Besides, the adsorption strength of
as the signals overlapped abaland % had to be separated the substrate on Pd may also depend on the acidity of the
from solution before analysis. carboxyl function.

Using these data, interpretation of the decayofvith Insertion of a methyl grou@é and4a) slowed down the
time is straightforward. For convenience, the curve in Fig. 2 formation of tetrahydrofuran-carboxylic acids and lowered
corresponding to a substrgtaodifier molar ratio of 52 is  theee The low reactivity of trisubstituted€C bonds on Pd
replotted in Fig. 4. Clearly, the drop #e is induced by the  and other hydrogenation catalysts is well known [41]. A fur-
saturation of the quinoline ring system of CD, which is the ther explanation for the loss in activity and selectivity is the

Table 2
Structural effects in the enantioselective hydrogenation of furan carboxylicacids
Substrate AV molar ratio Time (h) Yield (%) ee(%) de (%) Degree of rate deceleratfon
/A 6.5 2 22 36 - 4.5
1aQ\COOH 6.5¢ 4 95 32 - -
52 2 47 18 - 2.1
CH, 6.5 3 6 15 100 1.9
26@ 6.5 20 56 10 92 -
0~ ~cooH

COOH

3a/ \i 6.5 3 100 23 - 5.6

(€]

4a [S\ 52 3 2 22 100 1.2

[e) CH
6.5 4 6 45 - 8.6
Sam 2% 23 29 50 - -
[6) COOH 52 1 2 47 - 3.2

@ 0.446 mmol substrate, 10 mL 2-propanol, 40 mg 5%/AdOs3, standard conditions.

b Initial rate of conversion in the absence of CD, related to the rate observed with CD.
€ In 20 mL toluene.

d At40°C and 3 bar.

€ CD s fed stepwise in the first 7 h.
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steric hindrance by the methyl group against the interaction quinuclidine N of CD. A second H-bond involving the OH
with the modifier. Two diastereomersigandtrans) may be function of CD stabilizes the structure of the complex on the
formed in the hydrogenation @ and4a but under standard  metal surface. We proposed a 1:2-type interaction [19] that
conditions only the two enantiomers of one diastereoisomeris supported by catalytic data, spectroscopic analysis, and
could be detected by GC analysis. In the hydrogenation of ab initio calculations [43,49,50]. In this structure the unsat-
C=C double bonds the very high diastereoselectivity to the urated carboxylic acid, present as dimers in apolar medium,
cis isomer over supported Pd, including cinchona-modified interacts via two H-bonds with the alkaloid modifier, as de-
Pd/Al>03, is not unusual [42—44]. To prove that really the picted in Fig. 6. Theoretical calculations revealed that the
thermodynamically less stables isomers were produced, 1:1 model is less feasible due to steric hindrance against ad-
the hydrogenation d2a was repeated under conditions that sorption on the Pd surface. We assume that hydrogenation of
favor isomerization [45]. Increasing the temperature from 20 furan carboxylic acids obeys an analogous mechanism that
to 40°C and lowering the surface hydrogen concentration may be described by replacing the R (alkenyl) group in the
by reducing the pressure from 30 to 3 bar decreased the di-substrate by a furyl group (Fig. 6). The validity of this model

astereomeric excesdd) to 92% (Table 2). is currently under investigation in our laboratory.
The presence of the carboxyl function in the molecule

was inevitable for achieving significant enantioselectivity,
as indicated by the hydrogenation of the ester derivative 4 conclusions
6a (Scheme 2). Apparently, an acid-base interaction be-
tween the substrate and the basic quinuclidine N of CD is
crucial in the enantio-differentiating step. A further limi-
tation to the application range of cinchona-modified Pd is
the failed hydrogenation of the analogous pyrrole derivative
7a (Scheme 2). It is known that pyrrols are more resistant
against hydrogenation than the corresponding benzene an
furan derivatives [41].

Finally, in all reactions addition of CD resulted in a rate
deceleration by a factor of 1.2 to 9; some examples are
shown in Table 2. The lower reaction rate o&=C bond

Cinchona-modified PtAI,O3 is a moderately effective
heterogeneous catalyst for the enantioselective hydrogena-
tion of furan and benzofuran carboxylic acids. At room tem-
perature and 30 bar, this catalyst system afforded 82%4
éull conversion of furan-2-carboxylic acid 4) to its tetrahy-
dro derivativelb (3 h, M = 6.5), or 50%eeat 29% con-
version of benzofuran-2-carboxylic acifig) to its dihydro
derivative5b (23 h, M = 22). In the latter reaction the
slow hydrogenation of the quinoline rings of CD was com-
hydrogenation over Pd modified by cinchona or vinca alka- pensated and the losseéprevented by the stepwise feeding
loids is apparently a general feature of these catalyst sys-Of small amounts of CD. Thesee'values are th.e highest
tems [31,46,47]. In fact, poisoning of Pd by strongly ad- obtained so far in the asymmetric hydrogenation of furan

sorbed N-heteroaromatic compounds, including quinoline, derivatives [6]. Under standard conditions, at room temper-
is well known [41]. ature and 30 bar, hydrogenation of methylfuran carboxylic

acids2a and 4a afforded 100%de to the cis isomers. At
3.4. Substrate—modifier interaction higher temperature and lower hydrogen concentration (pres-
sure) the diastereoselectivity decreased likely due to isomer-

As noted above, the complete losseein the hydrogena- ~ iation of areaction intermediate. _
tion of 6a indicates that the carboxyl function of furan car- A major limitation of cinchona-modified Pd is the com-
boxylic acids is involved in the substrate—modifier interac- Peting hydrogenation of the alkaloid modifier, necessitating
tion. From this respect the hydrogenation of furan carboxylic /0w substratgmodifier molar ratios (6.5-22). For compari-
acids resembles that of, B-unsaturated carboxylic acids Son. in the hydrogenation of ketopantolactone only 4 ppm
over cinchona-modified Pd. Two different models have been CD (§/M = 237,000) was sufficient to induce over 908é
described for the latter reaction, involving 1:1 or 1:2-type ©Nn PYAl203 [51].
interactions (Fig. 6). According to Nitta’s model [48], the We assume that the nature of substrate—modifier interac-

deprotonated Carboxy| group interacts with the protonated tion on the Pd surface resembles that of alkenoic acid hydro-
genation over cinchona-modified Pd. An important conse-

O R guence of this analogy is that the method might be extended
B VN o/H - o to the enantioselective hydrogenation of other aromatic car-
): ’,>*R ; I H* boxylic acids. Enantioselective hydrogenation of aromatic
o—n-"° N7 o compounds is an unsolved, challenging problem.
Csontens o
(CD) : (carboxylic acid) R
1:1 (CD) : (carboxylic acid) Acknowledgment
1:2

Fig. 6. Schematic representation of cinchonidine (CD)-alkenoic acid inter-  Financial support by the Swiss National Science Founda-
actions involving 1:1 and 1:2 (acid dimer) structures. tion is gratefully acknowledged.
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