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Abstract

We report the synthesis and use of dichlo8p-§,6 -dimethyl-2,2-diaminobiphenyl-ruthenium complex3¢MAB-Ru), an
air-stable, highly active catalyst for the hydrogenatiom@-unsaturated carboxylic acids at 25 and 4.85 atm hydrogen.
The homogeneous hydrogenations of itaconic acidesadetamidocinnamic acid had yields above 97% in each case, and
the enantiomeric excesses (e.e.) were 80 and 69.8% tBfpedducts, respectively. When we us&HAB-Ru chemically
bound to MCM-41, a mesoporous SiQhe conversion of both acids was complete and both e.e. were practically 97%. The
solid-bound catalyst was successfully reutilized in the hydrogenation of itaconic acid and the drop in asymmetric induction
was only 3% after three runs. The fact that complexes containing chiral amine ligands provide such high yields and e.e. opens
a potentially important area of research in the design of industrially relevant catalysts.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction are alternatives for dealing with those issues, some
involving process modifications, while others require
The stereoselective synthesis of optically active changes in the catalysts themselves. In particular, the
molecules is an area of high interest in the pharma- design of simpler chiral ligands and/or the attachment
ceutical industry. Some of the chemical steps in the of the metal complex to a support, while maintaining
complete synthesis of a given active ingredient require or improving e.e. and yield, are some of the alter-
precise control of the optical isomer being produced. natives being studied in order to broaden the use of
Chiral transition metal complexes frequently catalyze chiral catalysts.
those steps, in spite of their relatively high prices = Asymmetric hydrogenation catalyzed by chiral
and of their separation and recuperation costs. Therecomplexes containing phosphines is one of the most
important tools in the stereoselective synthesis of
"~ Corresponding author. optically active molecule§l-3], but phosphme; are
E-mail addressescperezg@cueyatl.uam.mx (CéRz), generally gnstabl{ﬂ], and that fqvprs_deacnvatlo_n of
gfuentes@xanum.uam.mx (G.A. Fuentes). the catalytic complex. Their toxicity is another issue
1 Co-corresponding author. to be consideredb]. A number of chiral complexes
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containing phosphines have been immobilized by a O 0
variety of routes onto organic polymers or inorganic

supports, and some have been successfully used in OH (s)-chiral complex/H,/MeOH OH
hydrogenationg6-9], but the questions of stability, OH > OH
toxicity, and the need for extreme reaction conditions
generally remain. 0 o)

There are interesting reports of phosphorous-free | (R)-1l

asymmetric ligands for hydrogenation. Corma et al.

[10-12] compared the hydrogenating activity of Scheme 1.

rhodium complexes withi-proline and r-proline

derivatives, both in homogeneous media or anchored ] ]

to Si0, and to ultrastable Y-zeolite (USY), an alumi-  AS a result of its textural properties, MCM-41 has
nosilicate. They hydrogenateg+acetamidocinnamic ~ Peen studied as a possible support for a wide variety of
acid and ethyl Z)-a-acetylaminocinnamate at 6G catalysts, ranging from petroleum refining to the syn-
and 5atm H. The best homogeneous catalyst gave thesis of fine chemicals. The active species have been
91.6% e.e. compared to 87.6% for the best heteroge-incorporated using standard heterogeneous catalysis
neous catalyst. preparations, such as precursor impregnation followed

Phosphine-free hydrogen transfer cataly$8-15] _by calcination, or controlled chemical synthesis lead-
have been used to reduce acetophenone either ini"d to the formation of covalent bonds between com-
homogeneous media or bound to a support. Adima plexes and the wall of MCM-41. In the case of chiral
et al. [13] attached a bis-amine through the amine catalysts, there have been only a few report.s where
groups during the sol-gel synthesis of sj@nd then MCM-41 was the_support_. A catalyst comprised of
formed a rhodium complex with the pendant ligand. MCM-41 and a chiral rhodium complex was prepared
The reaction time for hydrogenation using BRHF by non-covalent bonding via triflate salts, and was
as a hydrogen transfer agent was 1h for the homo- Used to hydrogenate-enamide estergl7]. Another
geneous catalyst and of the order of days for the Case involved dlhydrpxylatlon using Qsmlum tetrox-
supported complex. That difference in reactivity is an ide complexes with cmchpna aIkaI'0|d ligands; a cova-
indication of diffusional limitations, associated with |e€nt bond between the cinchona ligand and MCM-41
the small size of the pores formed during standard Was formed in order to anchor the complg8]. In
sol-gel synthesis. The maximum e.e. reported for the both §tud|es, use of the supported catalysts increased
heterogeneous system was 80%, compared with 91%€-€- with respect to the homogeneous catalyst and they
for the homogeneous catalyst. could be reutilized.

Use of supported catalysts is desirable because of Heré we report the use of a Ru complex formed
their expected stability and for economic reasons, but With 2ligand, §)-6,6-dimethyl-2,2-diaminobiphenyl,
attention must be given to the possibility of altering for the hydrogenation of itaconic acids¢heme Y
the reactivity of the homogeneous complex as a result @hda-acetamidocinnamic aci¢heme  This com-
of physical or chemical interactions with the sup- Plex was used under homogeneous conditions and
port. Of the available inorganic materials, MCM-41, @lso supported on MCM-41, and it gave excellent
a mesoporous materigl6], is attractive because it y|eld§_and enantiomeric excesses under mild reaction
can be synthesized as to be practically inert, limiting conditions.
unwanted reactions when it is used as a support. In
particular, MCM-41 consists of amorphous Si€bn-
taining a hexagonal array of nearly cylindrical pores. 2. Experimental
These have a monomodal diameter distribution cen-
tered in the neighborhood of 3nm; large enough to  All chemicals were purchased from Aldrich, Merck
accommodate usual catalytic complexes and also to or Strem and were used without further purification.
avoid diffusional restrictions frequently present when ~ NMR spectra were recorded on a Bruker AD-
small-pore supports are used. VANCE DMX-500 spectrometer, and MS analyses

W
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o 0
~ OH  ()-chiral complex/H,/MeOH “""])L OH
NHCOCH, NHCOCH,
" (R)- IV
Scheme 2.

were carried out using a Jeol GC-Mate. IR-spectra (V). First, the amino group iv was protected using
were acquired on a Perkin-Elmer Paragon 1000 spec-acetic anhydride, followed by nitration of position 6.
trophotometer. Gas chromatographic analyses wereThe acetyl group was removed with HCI to give.
performed with a Varian 3800 system equipped with The diazonium salt was formed and then substituted
a Chirasildex CB column having a 0.25mm film with iodine to giveVII. 2,2-Dimethyl-6,6-dinitrobi-
thickness and an FID detector. We measured the phenyl {/111) was obtained fromVIIl via the Ull-
optical rotation of the reaction media during hydro- man reaction. The nitro groups were reduced to the
genation with a Perkin-Elmer model 141 polarimeter, corresponding amine with Hover Pd/C. This step
Nitrogen adsorption on the solids was determined on was a variant from the method of Uehara et[a8],

a Quantachrome Autosorb-1 system and low-angle who reduced with hydrazine; we had >98% yield.
X-ray diffraction was measured on a Siemens D500 The racemic mixture of MABs was separated with

diffractometer. L-tartaric acid and recrystallized to give optically pure
(91X.
2.1. Preparation of the homogeneous catalysts Dichloro-(9)-6,6-dimethyl-2,2-diaminobiphenyl-

ruthenium was synthesized in situ by reacting optically
The technique reported by Uehara et[aR] was pure §-6,6-dimethyl-2,2-2,2-diaminobiphenyl §
used in the preparation of racemic @jgnethyl-2,2- IX with dichloro-cycloocta-1,5-dienyl-ruthenium just
diaminodiphenyl cheme Bstarting fromo-toluidine prior to its use as a catalyst.

NH

2 i) Ac,O NH, i) NaNO,/H,SO,/AcOH |
i) HNO, O,N iiy KI/CH,N,O O.N
iii) HCI ii) NaHSO, 2
v
vi Vil
Cu
i) Hy/Pd/C/MeOH
ii) Tartaric acid
NH, iii) NH,OH NO,
O NH, l NO,
(S) IX Vil

Scheme 3.
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(9-6,6-Dimethyl-2,2-bis(diphenylphosphinamino)
biphenyl (MABP) was prepared by reacting MAB
with chlorodiphenylphosphine. Similarly to the MAB
complex, the MABP complex with Ru, dichlor&)
6,6-dimethyl-2,2-bis(diphenylphosphinamino)biph-
enyl-ruthenium, was prepared in situ by reaction with
dichloro-cycloocta-1,5-dienyl-ruthenium prior to its
use in hydrogenation.

2.1.1. (S)-6,6Dimethyl-2,2-diacetamidobiphenyl

Ten microliters of acetic anhydride were added to
a solution of §-6,6-dimethyl-2,2-diaminobiphenyl
(20 g, 48 mmol) in pyridine (10 ml). This solution was
stirred for 24 h, and then poured in ice-water; the re-
sultant white solid was filtered (4 g, 28.63%).

2.1.2. (S)-6-Bromomethylen-ghethyl-2,2-
diacetamidobipheny20]

A flask containing 2g of $-6,6-dimethyl-
2,2-diacetamidobiphenyl (6.8 mmol), 20ml
CCly, 0.05g of benzoyl peroxide, and 1g ®-
bromosuccinimide was heated at reflux for 6 h. Af-
ter cooling and filtering, the solvent was removed
in vacuum. This procedure yielded 1.5g &)-6-
bromomethylen-6methyl-2,2-diacetamidobiphenyl
(1.5g, 59.28%).

of

2.1.3. Mesoporous SICMCM-41

The procedure described by Edler and Wiizé]
was followed. A solution of sodium silicate (19g
in 166 ml of water) was mixed with a solution of
cetyltrimethylammonium bromide (4g in 24 ml of
water). We adjusted the pH to 9.5 using sulfuric acid
under vigorous stirring. The reaction proceeded in a
sealed Teflon container at 100 for 48h. The re-
sulting mixture was then cooled to room temperature,
filtered and washed until the washing had pH 7-8.
The solid was first dried at 10@€ for 3 h, then heated
to 300°C at 3°C/min and kept at that temperature
for 3h. Afterwards, the solid was heated to 58Dat
5°C/min and held at that temperature for 6 h. This
procedure was done in a flow of air (150—200 ml/min).
We characterized the solid using Nitrogen adsorp-
tion. The calculated BET area was 1088 with a
mean pore diameter of 35A, and a pore volume of
0.145cni/g. Low-angle X-ray diffraction showed the
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2.1.4. (S)-6-(3-Aminopropylentrimethoxysilanem-
ethylen)-6-methyl-2,2-diacetamidobiphenyl
(MCM-41)

.025g (1.4mmol) of 3-aminopropyltrimethoxy-
silane were added to a solution containing 0.05g of
biphenyl (1 mmol) in toluene (10 ml), and the mixture
was heated at reflux for 6[22]. After that, we added
0.250g of MCM-41 and heated the system again for
6 h. After cooling and filtering, the amide cleavage was
carried out with HCI in MeOH?22]. The theoretical
loading of the biphenyl ligand was 0.3 moleculesfam

2.1.5. Ruthenium complexf9]

The Ru(ll) complexes were prepared in situ by the
reaction of 0.125 mmol of dichloro-cycloocta-1,5-die-
nyl-ruthenium with 0.124 mmol of the corresponding
ligand. This applies to homogeneous and supported
complexes.

2.1.6. Typical hydrogenation procedure

A solution containing 7.7 mmol of either ita-
conic acid ora-acetamidocinnamic acid in 100 ml of
methanol was added to a glass bottle already con-
taining the catalyst. The substrate/ruthenium complex
molar ratio was 58 in either homogeneous or hetero-
geneous conditions (that ratio corresponds to 0.059g
of the ruthenium complex). The system was pressur-
ized three times to 4.85 atm ofpband depressurized.
This was done in less than 10 min. The system was
pressurized to 4.85 atm ofzHa fourth time, and was
kept under stirring for 5h at 25C.

2.1.7. Chromatographic analysis and determination
of e.e.

The products of asymmetric hydrogenation were
derivatized as follows: 1 ml of BFCH3OH was
added to 0.010g of reaction product and heated at
60°C for 1 h. The esters were extracted with ChICI
and the solvent was then removed in vacuum. The
analysis of the isomers was performed using a gas
chromatograph equipped with an FID detector. It had
a 25m Chirasildex CB column with a film thick-
ness of 0.25mm. The initial temperature of the oven
was 60°C. After injection, the oven temperature was
kept constant for 5min, and then ramped &C2min
until 170°C. The R)- and ©-isomers were identi-

reflections characteristic of the hexagonal pore array fied by comparison with the retention times of the

in MCM-41 ((100), (110), (200), (210)).

corresponding standards.
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Table 1
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Results of hydrogenation usin®){MABP-Ru, (S-MAB-Ru and §-MAB-Ru supported on MCM-41

Substrate Catalyst Yield (%) Enantiomeric excess
of the R)-isomer (e.e.)

a-Acetamidocinnamic acid §-MAB-Ru 97+ 1.2 69.8+ 0.3

a-Acetamidocinnamic acid S-MAB-MCM-41-Ru 100 96.8+ 1.2

Itaconic acid 6-MABP-Ru 90 46

Itaconic acid 6-MAB-Ru 98+ 1.2 80+ 1.7

Itaconic acid 6-MAB-MCM-41-Ru 100 97.0+ 1.2

All reactions were carried out in methanol at“Z5 for 5h. The values reported for yield and e.e. are the averages of three experiments,

except for the last entry, where six experiments were averaged.

3. Results and discussion
3.1. Hydrogenation with homogeneous complexes

Use of §-MAB-Ru for the hydrogenation of ita-
conic acid andv-acetamidocinnamic acid in methanol
at 25°C gave e.e. of 80 and 69.8%, respectively, with
yields approaching 100%, as shownTable 1 For

in the formation of the complex with ruthenium, so
they can be manipulated without significantly affect-
ing the chiral structure.

The first step in the synthesisS¢heme % in-
volved the protection of the amines of optically pure
(9-MAB with acetic anhydride. One equivalent of
N-bromosuccinimide was used in order to lower the
bromine concentration during reaction and hence

comparison purposes, we hydrogenated itaconic acid avoid polysubstitution. The brominated compouxd

using ©-MABP-Ru. The R)-isomer was produced

was silylated with 3-aminopropyltrimethoxysilane to

with an enantiomeric excess (e.e.) of only 46% and a give XI. The methoxy groups iXI then condensed

90% yield. It is important to mention that we had to
recrystallize §-MABP just before its use because it
degraded even while stored under nitroger-&t°C.

with the pendant hydroxyl groups on the surface of
MCM-41, forming a stable chemical bond between
MAB and the solid XI1. It was not possible to isolate

This was apparently caused by the reaction of the the silylated compounXI because it decomposed

phosphines with residual atmospheric oxygen.
This significant increase in enantioselectivity when
using §-MAB-Ru instead of §-MABP-Ru was pos-

sible without any special handling procedures. In fact,

both (§-MAB and (S-MAB-Ru were air-stable. It is
also noteworthy that the overall synthesis SFAB
was much simpler than that c5fMABP.

3.2. Anchoring of Ru complexes to MCM-41

We decided to attact5-MAB-Ru to MCM-41 by

forming a covalent bond between the ligand and the

solid. That way, we expected to limit the loss of the
complex during reaction and to facilitate reutiliza-
tion of the catalyst. This hypothesis was confirmed

in practice, as shown in the corresponding section.

We selected to first anchoiSfMAB on MCM-41
without affecting the chiral center, and then to form
(9-MAB-Ru-MCM-41 in situ. ©-MAB was an-
chored on MCM-41 via transformations on one of its

when the solvent was removed. After formiKgl the
solid product was treated with hot toluene in order to
remove any unattache®)(MAB.

The cleavage of the amide groups was carried out
by reaction of the acetyl groups iIrB¢(MAB with
5% HCI in methanol to giveXI11. This step does not
affect the overall structure of MCM-41 significantly.
The catalytic complex §-MAB-Ru-MCM-41) was
formed by reaction of §-MAB-MCM-41 with
dichloro-cycloocta-1,5-dienyl-ruthenium. The result-
ing material was air-stable and did not require special
handling procedures.

3.3. Catalytic hydrogenation with immobilized
(S)-MAB-Ru

(9-MAB-Ru-MCM-41 catalyzed the room temper-
ature hydrogenation of itaconic acid with 100% yield
and 97.0% e.e. of th&j-isomer. The increased enan-
tioselectivity with respect to that obtained with unsup-

methyl groups. These groups are not directly involved ported §-MAB-Ru was noteworthy.
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H I NHCOCH

M MeO
NH iiy NBS/CCI,/BPO H,NG,HSI(OCHy)Toluene : X
NH, Br NHCOCH, » MeO—/Si\/\/N NHCOCH,
9 . e
(8) IX (S)X X
MCM-41
s RN
NN N
§ OH H NH HCI/MeOH § oH
\ lo} é ,!, 2 - § | T NHCOCH,
—O—Si NH .
§ Y% O 2 %—O—/S\/\/N NHCOCH,
S SHL g
N N
() Xm N © X
Scheme 4.

For that reason, we decided to verify that anchoring

The reasons why such increases in e.e. occur as a

of the complex was responsible for the enhancement in result of anchoring homogeneous complexes are only

e.e. To do so, we hydrogenateeacetamidocinnamic
acid (Scheme Pand found also an important increase
in the enantioselectivity of the supported complex
(96.8% e.e.) with respect to that obtained with homo-
geneous9-MAB-Ru (69.8% e.e.). The yield was es-
sentially 100% in both cases. This result confirms the
ability of (9-MAB-Ru-MCM-41 to catalyze the chiral
hydrogenation oft,3-unsaturated acids with excellent
yield and enantioselectivity to th&)-isomer.

There are only a few reports of enhanced enantio-
selectivity resulting from anchoring of homogeneous
hydrogenation catalysts. Corma et HIO] observed
different increases during hydrogenation of N-acylph-
enyalanine derivatives, the most striking occurring
while using USY-zeolite as the support ofproline-
rhodium. Augustine et a[23] used DiPamp-rhodium
supported on a montmorillonite and had a 97% e.e.

scantily discussed. Only Corma et O] suggest a
role of the steric constraints present while using a sup-
ported complex. We hypothesize that interaction of
the ligands with the pendant hydroxyl groups present
on all of the supports mentioned, including MCM-41
in our case, may lead to an increased rigidity of the
overall catalytic structure. This, in turn, would restrict
rotation of the transition state and favor formation of
nearly pure stereoisomers.

3.4. Reutilization of (S)-MAB-Ru-MCM-41

There are at least two practical reasons for sup-
porting homogeneous catalysts: ease of separation
and reutilization. We carried out successive hydro-
genations of itaconic acid with the same load of
(9-MAB-Ru-MCM-41. Between reactions the solid

versus 76% e.e. of the homogeneous complex duringwas simply filtered and washed with methanol.

hydrogenation of methyl-2-acetamidoacrylate. Non-
covalent immobilization of R R)-Me-(DuPHOS)Rh-
(COD)]OTf on MCM-41 resulted on 99% e.e. dur-

As an indication of the excellent characteristics of
(9-MAB-Ru-MCM-41, we observed that the reaction
yield remained at 100% while the enantioselectivity

ing hydrogenation of a-enamide esters, compared to decreased only slightly, from 97 to 94%, after three

85-87% e.e. with the homogeneous compl&X].

runs, as shown ikrig. 1L These results help us establish
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Fig. 1. Reutilization of §-MAB-Ru-MCM-41 during hydrogena-
tion of itaconic acid.

that §-MAB-Ru and ©&-MAB-Ru-MCM-41 are
promising chiral hydrogenation catalysts for practical
applicationg24].

4. Conclusions

Dichloro-(§)-6,6-dimethyl-2,2-diaminobiphenyl-
ruthenium (§-MAB-Ru) was shown to be an excel-
lent catalyst for the hydrogenation efg-unsaturated
carboxylic acids. This was accomplished af25and
4.85 atm of hydrogen.

The enantioselectivity to théj}-product during hy-
drogenations of itaconic acid eracetamidocinnamic
acid increased to 97% when th§{AB-Ru com-
plex was attached to the walls of MCM-41, a meso-
porous SiQ. This effect was probably caused by the
increased rigidity of the anchored structure. This, in
turn, would hamper the rotation of the transition state
during insertion of the hydrogen atoms to the double
bonds of the acids and favor thB){isomers.

The supported catalyst designed in this study was [16]

successfully reutilized while maintaining high e.e. dur-
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