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Abstract

Two new bimetallic Pd complexes have been synthesized and characterized and their catalytic activity checked for the
aldol reaction of aldehydes with methyl isocyanoacetate. Each palladium atom is coordinated to an SCS-type ligand and
the two pincer units are linked by a chiral spacer. The catalytic aldol reaction of methyl isocyanoacetate with aldehydes
proceeds quickly but no significant diastereoselectivity and enantioselectivity is found. The comparison with a homologous
mononuclear Pd complex shows no differences with the bimetallic compounds, concluding that there is no cooperativity
between the metal centers. Two silica-supported catalysts prepared with a bimetallic compound show catalytic activity with
very minor enantioselectivity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Effective stereochemical induction has been achie-

ved with gold-ferrocenyl bisphoshines that incorporate

The aldol-condensation of isocyanoacetates and an amino functionality and planar chirality. However,

aldehydes or ketones provides oxazolines, which can gold complexes with other more prototypical chiral
be hydrolyzed to yielgs-hydroxy-w-amino acids. The  phosphine ligands such aS$)-chiraphos, {)-DIOP
latter are biologically interesting compounds and im- and p-(4)-ToIBINAP were ineffective at inducing
portant building blocks in organic synthesis. The fact significant enantioselectivity (see references in [2]).
that this reaction can be catalyzed by metal complexes ~Chiral PCP pincer-palladium and platinum com-
makes it a candidate for enantioselective synthesis plexes are effective catalysts for the aldol-condensation
[1]. The catalytic mechanism likely involves metal of methyl isocyanoacetate and aldehydes [3-4]. It
coordination to the isocyanide group, which enhances has been proposed that the chiral pocket in these
the acidity of the adjacent methylene group. This pincer ligands is deeper than those of other chiral
feature creates a challenge for chiral induction since phosphines, [4] which leads to a moderate to good
one needs to induce asymmetry at a point three bondsenantioselectivity in the catalyzed aldol reaction of
removed from the metal center (Fig. 1). methyl isocyanoacetate with aldehydes. Similar chiral

palladium complexes with NCN-type ligands have

been explored for asymmetric catalytic reactions like
* Corresponding author. aldol, Michael addition or Diels—Alder [5].
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We have been interested in SCS-type palladium catalyst we have taken the unconventional approach of
complexes due to their established versatility. In placing the chiral centers remote to the catalytic site
particular they have been shown to be useful in of a bimetallic complex. Hence, we have new bimetal-
supramolecular chemistry and can be used to form lic palladium(ll) compoundsl, 2 (Fig. 2) in which
self-assembled polymers and macrocycles [6,7], each palladium atom is coordinated to a SCS-type
molecular recognition elements [8-12], and multi- ligand, and the two pincer units are linked by a chiral
metallic dendrimers [13-17]. Their chemical versa- spacer derived forn®-isopropylidenes-threitol. Our
tility is further illustrated in a recent report wherein rational for pursuing this path is based upon the idea
a SCS-type palladium complex was shown to be an that once coordinated to the bimetallic system the
efficient catalyst for the Heck reaction [18]. Due to carbonyl of the isocyanide intermediate may interact
the divalency of sulfur, the cavity about the metal with the second palladium to produce a geometri-
center should be bigger in SCS-type compounds than cally constrained metal-substrate complex. If this two
in PCP- or NCN-type pincer complexes. As a result center catalysis were to take place [19] the reaction
while these complexes may display broad substrate would occur in a highly chiral pocket and should be
tolerances, it is a challenge to produce a complex of enantioselective. We also report herein the mononu-
this class that exhibits stereoselective synthesis. In clear complex3, which was prepared for comparative
our quest to produce a effective asymmetric SCS-type experiments.
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2. Experimental

2.1. Materials and methods

Anhydrous  N,N-dimethylformamide  (DMF),

from Mallinckrodt Baker, dried in a oven at 120

for 3 days.'H NMR and 13C NMR spectra were
recorded on Varian Unity 300 or Varian VXR 500
spectrometers. All of the chemical shifts are reported
in ppm relative to TMS (0ppm) in proton spectra

tetrahydrofuran (THF), dichloromethane, acetonitrile and to residual CHGI (77 ppm), DMSO (39.5 ppm)

and diethyl ether were purchased from Aldrich in sure or CHzCN (118.7 ppm) in carbon spectra. Infrared
seal bottles. Other solvents were spectral grade (EM spectra were recorded on a Nicolet Impact 410 FT-IR
sciences or Mallinckrodt). Reagents were purchased using polystyrene as a standard. High-resolution FAB

from Aldrich and used without further purification.

mass spectrometry was performed on a VG analytical

Air- and moisture-sensitive reactions were carried out ZAB-E instrument using CHGl as a solvent with

in oven-dried glassware under an atmosphere of dry 3-nitrobenzyl alcohol as the matrix. GC analyses were
argon employing standard Schlenk techniques. The performed on a HP 6890 series equipped with a flame
silica-supported catalysts were prepared using silica ionization detector and a chiral capillary column

gel (40um, 60A, irregular, surface area 556 gr1)

R)I\R- +  CN”CO,CH3

R B ,CO,CHg

(20% permethylated3-cyclodextrine capped).

R R .CO,CHs

N
o\% HO NH,

Fig. 1. Aldol reaction of methyl isocyanoacetate with Ketones to give amino acids.



268

SR
/ocgpldwccm

o SR

g
o{%ﬁdmcn—ua

SR

1 R="Bu
2R= C6H5

(BFy4)2

R. Gimenez, T.M. Swager/Journal of Molecular Catalysis A: Chemical 166 (2001) 265-273

S'Bu
CH30 Pd—NCCH; (BF4)
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3

Fig. 2. Pincer complexes investigated for homogenous catalysis.

2.2. Synthesis of the ligands and complexes

2.2.1. Synthesis of (S,S}H-1,4-di-O-[3,5-bis
(methylcarboxyl)phenyl]-2,3-O-isopropylidene-
threitol (4)

A total of 6.5 mmol (3.06 g) of commercially avail-
able §9-(—)-1,4-di-O-tosyl-2,30-isopropylidenee-
threitol, 13 mmol (2.73 g) of methyl 5-hydroxyisoph-

thalate and 15mmol (2.07 g) of potassium carbonate

and 60ml of DMF were heated for 4h at FZD
After this time, 100ml of water were added and
extracted with 2x 100 ml of hexane/ethyl acetate

layer was rotary-evaporated under vacuum to dive
as a pure cloudy tacky oil. Yield: 80%. IR (NaCl, nu-
jol, vem™1): 3350 (O-H), 1594 (C-Car), 1287 (C-0),
1169, 1044 (br)*H NMR (de-DMSO, § ppm): 1.40
(s, 6H), 4.11-4.29 (m, 6H), 4.44 (d,= 5.8 Hz, 8H),
5.17 (t,J = 5.8Hz), 6.77 (s, 4H), 6.86 (s, 2H}C
NMR (ds-DMSO, § ppm): 26.95, 62.81, 68.10, 76.04,
109.43, 110.62, 116.87, 143.98, 158.21.

2.2.3. Synthesis of (S,S))¥1,4-di-O-[3,5-
bis(bromomethyl)phenyl]-2,3-O-isopropylidene-
threitol (6)

2/1. The organic layers were combined and washed A solution of imidazole (15mmol, 1.02g) arfl

with 2 x 100ml of water, dried over MgSfand
rotary-evaporated under vacuum to yield a yellow oil
which was purified by column chromatography (silica
gel hexane/ethyl acetate, 2/1) to yieddas a white
solid in 66%. IR (NaCl, nujoly cm1): 1712 (G0),
1593 (C-C), 1244 (C-O}H NMR (CDCls, § ppm):
1.52 (s, 6H), 3.94 (s, 12H), 4.30 (m, 4H), 4.43 (t, 2H),
7.79 (d,J = 1.5Hz, 4H), 8.31 (t,J = 1.5Hz, 2H).
13C NMR (CDCk, § ppm): 27.22, 52.67, 69.05, 76.67,
110.93, 120.06, 123.78, 132.08, 158.68, 166.14.

2.2.2. Synthesis of (S,S}H¢1,4-di-O-[3,5-
bis(hydroxymethyl)phenyl]-2,3-O-isopropylidene-
threitol (5)

To a suspension of 18.5 mmol (703 mg) of LiAH
in 50 ml of THF at 0C is added dropwise a solution of
4 (5.3mmol, 2.3 g) in 20 ml of THF. The reaction mix-

(2.35mmol, 1.02 g) in 25 ml of acetonitrile and 70 ml
of diethylether is cooled at°@. Then dibromotriph-
enylphosphorane (13 mmol, 5.56 g) is added slowly.
After stirring for 4h at OC, the white solids are re-
moved by filtration through a short pad of silica gel.
The solids are further washed with ether, the solution
is evaporated to dryness and the residue is purified
by column chromatography using dichloromethane as
eluent. A total of 1.04g of is obtained as a white
solid. Yield: 64%.1H NMR (CDCls, § ppm): 1.53 (s,
6H), 4.22 (m 4H), 4.36 (t, 2H), 4.43 (s, 8H), 6.91 (d,
J = 1.2Hz, 4H), 7.04 (tJ = 1.2 Hz, 2H).13C NMR
(CDCls, 6§ ppm): 27.41, 33.10, 68.99, 77.00, 110.95,
115.65, 122.80, 140.13, 159.13.

2.2.4. Synthesis of (S,SP¢1,4-di-O-[3,5-bis(tert-
butylthiomethyl)phenyl]-2,3-O-isopropylideme-

ture is allowed to reach room temperature and stirred threitol (7)

for 14 h. Water was added dropwise after cooling the

reaction mixture at @C and the mixture was filtered

To a solution of 3.83mmol (153 mg) of NaOH in
50 ml of water is added a solution 6f(0.697 mmaol,

to remove salts. The clear solution was extracted sev- 478 mg) in 40 ml of toluene and a catalytic amount

eral times with ethyl acetate. After drying the organic

(50]) of ADOGEN 464 (methyltrialkyl (G—Cio)
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ammonium chloride). Next, 2-methylpropanethiol
(3.06 mmol, 0.34ml) is added and the mixture is
stirred vigorously with a stirbar and refluxed for 2h
under an argon atmosphere. After cooling to room
temperature, the organic layer is extracted witfOH
and the toluene is removed by distillation. The result-
ing residue was purified by column chromatography
(silica gel hexane/ethyl acetate, 25/1) to produce
as a colourless oil in 87% yield (440 mgH NMR
(CDClg, § ppm): 1.34 (s, 36H), 1.50 (s, 6H), 3.70 (s,
8H), 4.16 (m, 4H), 4.34 (m, 2H), 6.80 (s, 4H), 6.95 (s,
2H). 13C NMR (CDCk, § ppm): 27.01, 30.87, 33.29,
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1H NMR (CDsCN, § ppm): 1.39 (s, 6H), 1.51 (s,
36H), 1.96 (s, 6H), 4.01 (m, 4H), 4.22 (m, 10H),
6.61 (s, 4H).13C NMR (CDsCN, § ppm): 27.60,
31.01, 42.06, 54.04, 69.63, 77.61, 110.01, 111.26,
158.03 (C-Pd not detected). MS (FAB 3-NBA
matrix): 1103 [M-BR]*. (2) Yield: 68%.*H NMR
(CD3CN, § ppm): 1.38 (s, 6H), 1.96 (s, 6H), 4.09 (m,
4H), 4.22 (m, 2H), 4.62 (broad s, 8H), 6.68 (s, 4H),
7.46-7.53 (m, 12H), 7.79-7.82 (m, 8HPC NMR
(CD3sCN, 8 ppm)): 27.64, 51.11, 69.80, 77.63, 111.13,
111.32, 118.68, 131.49, 132.15, 132.29, 132.89,
152.71, 158.43. MS (FAB, 3-NBA matrix): 1180

42.81, 68.45, 76.78, 110.31, 113.62, 122.44, 140.21, [M-BF4]*.

158.62.

2.2.5. Synthesis of (S,S}H¢1,4-di-O-[3,5-
bis(phenylthiomethyl)phenyl]-2,3-O-isopropylidene-
threitol (8)

To a solution of 3.73 mmol of NaOH (149 mg) in
25ml of water is added a solution 6f(0.58 mmaol,
400 mg) in 20 ml of toluene and a catalytic amount of
ADOGEN 464. To this mixture 2.33 mmol (0.24 ml)
of thiophenol is added followed by stirring and re-
fluxed for 2h under argon. The organic layer is

then separated, extracted with water, dried, and
rotary-evaporated in vacuum. The residue was chro-

Compound3 was prepared similarly by starting
from 5-hydroxyisophthalic acid dimethyl ester. Firstly,
it was protected withert-butyldimethylsilyl chloride
and the esters were reduced to the alcohols. Then, the
hydroxyl groups were converted into bromo groups
and coupled to 2-methylpropanethiol. Removal of the
silyl part, alkylation with methyl iodide and complex
formation gaves.

2.3. Procedure for the preparation of the
silica-supported catalysts

The vicinal diols ofl are prepared by the hydrolysis

matographed on silica gel using a hexane/ethyl ac- of the ketals. To a solution of 75mg @fin 20 ml of

etate (10/1) eluent to give yield 91% (428 mg) &f
as a colorless oiltH NMR (CDCls, § ppm): 1.47 (s,
6H), 3.99 (s, 8H), 4.04 (m, 4H), 4.24 (m, 2H), 6.73
(s, 2H), 6.83 (s, 1H), 7.14-7.27 (m, 20H§C NMR
(CDClg, é ppm): 27.00, 38.91, 68.44, 76.67, 110.10,

113.80, 122.23, 126.38, 128.80, 129.90, 136.09,

139.23, 158.55.

acetone, is added 50 mg of NaCl in 5ml of HCI 1 N
dropwise. The mixture is stirred at room temperature
for 3 h, the solid was filtered off, washed with water
and then dried under vacuum to yield 55mg (90%)
of 9. IR (NaCl, nujol,v cm~1): 3356 (OH).'H NMR
(CDsCN, 8 ppm): 1.52 (s, 36H), 3.99 (m, 6H), 4.05
(m, 8H), 6.48 (s, 4H).

Sil: 50 mg of silica gel and 2 ml of thionyl chloride

2.2.6. Synthesis of the palladium complexes: general were refluxed under argon for 1 h. After this time the

procedure

A solution of the ligands7 or 8 (0.28 mmol) and
triethylamine (68 mg, 0.67 mmol) in 2 ml of acetoni-
trile was added dropwise to an acetonitrile solution of
commercially available palladiumtetrakis(acetonitrile)
bis(tetrafluoroborate) (297 mg, 0.67 mmol). The so-
lution was then refluxed for 3h, filtered through

unreacted thionyl chloride is distilled off, 5ml of dry
toluene is added to the flask and subsequently 50 mg
of complex9 dissolved in 2ml of toluene is added.
The suspension is stirred overnight at room tempera-
ture and filtered through a 448n glass-frit and the
yellow silica gel is washed sequentially with hexanes,
water (until the washes were pH 5) and then acetone

Celite, and evaporated to dryness. The tacky residueto dissolve unreacted palladium complex. The func-

was then treated with water to give a yellow—orange
solid precipitate. This solid was purified by dissolu-
tion in dichloromethane, filtration, and re-precipitated
by the addition of diethyl ether.1j Yield: 80%.

tionalized silica gel was dried under high vacuum.
Si2: a flame dried flask is charged with 20 mg of sil-

ica gelSiland kept under vacuum. In a glove box, 5 ml

of dry hexanes and 0.5ml of dodecyltrichlorosilane
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Table 1 R
12% mol NEt (Pr. F\ ' \,COzCHa R\ R ,CO.CH,
F/ﬁ)\n» + CNCO,CHg (e \ . H
1.5% mol Cat Pd s oN
Entry R R Catalyst Time (h) Conversion (%) Trandcis ee (ran9) (%)
1 ipr H 1 + base 4 >95 95/5 <1
2 iPr H 2 + base 2 >95 95/5 <1
3 iPr H 3 + base 4 >95 95/5 -
4 iPr H Base 64 66 95/5 -
5 CeHs H 1 + base 4 >95 55/45 <1
6 CeHs H 2 + base 2 >95 55/45 <1
7 CsHs H 3 + base 16 >95 57/43 -
8 CoHs CHz 1 + base 60 0 - -
9 CoHs CHs 2 + base 60 0 - —
10 iPr H Sil + base 20 80 95/5 2
11 iPr H Si2 + base 18 73 95/5 3

are added. The mixture is stirred overnight at room A particular challenge in this synthesis is to main-
temperature, filtered off and washed several times with tain an intact ketal moiety throughout the various
hexanes and methanol. The silica was dried under highreactions. The initial step is a Williamson-type alky-

vacuum. IR (KBr pellety cm1): 2969-2850 (CH). lation that proceeds best M,N-dimethylformamide,
which provides shorter reaction times and better
2.4. General procedure for the catalytic aldol yields than ketone solvents. The reduction of the es-
reaction ter to alcohol using lithium aluminum hydride was
highly effective since the tetrareduction proceeds in
To a suspension of the palladium complex2 or high overall isolated yield (80%, ca. 95% per es-

3 (1.5mol%) (or 10mg of the silica-supported cat- ter). To convert the hydroxyl groups to bromides we
alysts Si1 and Si2) in 5ml of dry dichloromethane investigated several reaction conditions in an effort
was added 0.5mmol (46) of methyl isocyanoac- to avoid the deprotection/decomposition of the ke-
etate. Then, 0.5 mmol of the appropriate aldehyde andtal group. It proved difficult to obtain a good yield
65umol (12 mol%) ofN,N-diisopropylethylamine are  of the tetrahalogenated compound. Eventually, us-
added sequentially. The mixture was stirred at room ing dibromotriphenylphosphorane and imidazole as
temperature and monitored by GC and/ét NMR reagents we were able to produgén 64% isolated
until completion (see Table 1). For the solution cata- yield. The tetrathioether was obtained almost quan-
lysis the solvent is evaporated using a vacuum line, titatively by reaction with the corresponding sulfide
dry diethyl ether is added and the soluble material was under phase transfer catalysis conditions. Finally,
filtered through celite. For the silica-supported cataly- the palladium complexes were made by reaction
sis the reaction mixture is filtered through a glass-frit. of the ligand with tetrakis(acetonitrile)palladium(ll)
An aliquot of filtrate is used for the GC analysis. The bis(tetrafluoroborate) and triethylamine to prevent ke-
cigtransratio is determined by integrating the methyl tal deprotection. The palladium complexes are stable
singlet of the ester in th&H NMR spectrum. to air and our characterization suggests that the struc-
ture about the metal center similar to that described by
Shaw [20] and Bergbreiter [18] in which thert-butyl

3. Results and discussion or phenyl groups attached to sulfur are disposed with
a G symmetry with respect to the palladium coordi-
3.1. Synthesis and characterization nation plane. The benzylic protons appear as a broad

singlet in the NMR spectra because of dynamic con-

The synthesis of the dinuclear complexes is shown formation in solution due to palladocycle puckering
in Scheme 1. or/and sulfur inversion [21].
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3.2. Catalytic aldol reaction

The catalytic activity of our palladium complexes

Qualitative comparisons reveal that the activity of

the mononuclear complex is similar to the dinuclear

complexes in terms of rate and selectivity. The later

were tested for the reaction of methyl isocyanoacetate feature suggests that bimetallic catalydtsand 2
with aldehydes (isobutyraldehyde and benzaldehyde) function in a similar fashion to the mononuclezr

and ethyl methyl ketone. The results are gathered in
Table 1.

The reactions with aldehydes proceed efficiently in
dichloromethane at room temperature with all com-
plexes. The conversion is complete after 4h in all
cases. From the results of Table 1, wherein lower
conversions and longer times are obtained for the
uncatalyzed reaction (entry 4), it is clear that both
the dinuclear compound4,(2) and the mononuclear
(3) provide considerable acceleration in the reaction
(entries 1-3). Theig/trans ratio is not affected by
the structure of the catalyst and only depends on

the structure of the aldehyde (entries 1-3 and 5-7).

Consistent with this finding, all of the solution phase
reactions provide no enantioselectivity in the aldol
products. As expected, when the catalytic centers are
behaving independently the remote chiral centers are
ineffective at inducing a predominance of one chiral
conformation about the active site.

3.3. Study of the catalysis with palladium complexes
immobilized on silica gel

Our solution studies suggested that a more rigid
catalyst system wherein the palladium centers were
constrained to be proximate to each other might be
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Fig. 3. Formation of silica-supported catalysts.

more effective. We considered the potential methods to form functionalized surfaces [23,24]. This method
for restricting the conformation of the catalyst such was particularly conducive to our objective since our
as macrocycle formation and greater rigidity. How- catalysts contain a protected vicinal diol that could be
ever, our initial attempts at producing macrocycles easily unveiled by the hydrolysis of the ketal func-
wherein the two differentx,a’-dibromometaxylyl tionality. We expect that this diol functionality can
groups are bridged proved synthetically inaccessible. chelate to the surface of the silica and thereby produce
This led us to pursue an alternative approach wherein a robust supported catalyst. We further considered that
the monolayers were organized and constrained in this approach involving reaction with an electrophilic
thin films or at an interface. In this regard we were and likely positively charged surface, would give the
encouraged by the dramatic enhancements in selecti-most selective reaction with the nucleophilic diol. This
vity reported by Milstein for catalysts immobilized in  is particularly important to minimize the possibility
Langmuir—Blodgett films [22]. We reasoned that it we of catalyst attachment through the cationic palladium
could restrict the conformational freedom similarly centers.
by covalent attachment to a substrate, then we could We prepared two surface immobilized catalysts. The
produce a more selective catalyst. We envisioned first material Gil), is formed by treatment of the ac-
three specific features of this immobilization, which tivated silica gel with the binuclear pincer complex
could be advantageous. First by anchoring the cata- containing a vicinal diol. As indicated in Fig a por-
lyst to a surface we are effectively constraining the tion of the surface hydroxyl groups are replaced with
molecule to only adopt conformations that place all a dinuclear palladium compound. In a second step of
of the substituents on one side of a plane. Secondly, the procedure for producingil the silica gel is hy-
we considered that if a dense packing of catalytic drolyzed to transform all of the Si—CI groups back to
complexes or isolated complexes in an array of inert Si-OH groups. This procedure produces a material,
filler molecules could further constrain the catalysts’ (Sil), that is light yellow thereby indicating that the
conformational space. Thirdly, the heterogeneous na- intact catalyst has been attached to the support. The
ture of the reaction should facilitate the separation of heterogeneous nature and low surface coverage of the
the catalyst from the reaction medium by filtration. catalyst precluded a detailed characterization of this
We chose to produce functionalized silica gel as material to prove the structures shown in Fig. 2. How-
shown in Fig. 3. To activate the surface we subjected ever, the catalytic activity vide infra confirms that an
the gel to an excess of thionyl chloride. This proce- intact and active catalyst is present. A second hetero-
dure produces electrophilic Si—Cl groups at the sur- geneous catalyst was produced by subsequently re-
face that have been shown to react with alcohol groups acting the free surface hydroxyl groups $fl with
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trichlorododecylsilane. This procedure was performed
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Direccion General de Investigacion Cidita y En-

in an attempt to fill in the voids between isolated cat- sefianza Superior (FPI fellowship to R.G.).

alytic species. Itis well know in self-assembled mono-
layers [25] that at low coverages the species tend to
bend over and interact with the surface. At high cov-

erages the surface species “stand up straight” and can [

even produce a two-dimensional crystalline phase on

a planar surface. In the case at hand, silica gel presents

a very rough surface, which will preclude the forma-
tion of a highly organized monolayer. Nevertheless,
we considered that surrounding the catalytic sites with

a dense packed layer of dodecyl groups should force

them to organize normal to the surface as illustrated in
Fig. 2 and thereby further restrict the conformational
options available to the catalyst 8i2.

The results of the catalysis with functionalized sil-
ica gelsSilandSi2 are gathered in Table 1 (entries 10
and 11). The selectivitgis'transobserved is the same

as those obtained in solution. As expected the reaction

is slower due to the smaller amount of metal present.
The catalyst appears to remain intact throughout the

reaction and can be easily separated from the mixture

by filtration. We are cautiously optimistic that surface
immobilization produces a more enantioselective cat-
alyst. The measured values for the enantiomeric ex-
cesses are very smak@—3%), but reproducible. The
effectiveness o8il andSi2 are similar.

In summary we have reported the synthesis of two
new bimetallic palladium complexes with a SCS-type
pincer ligand. The systems were designed to con-
tain remote chirality in an effort to produce a stereo
induction to be realized when both metal centers
interact with the substrate. While our attempts to
introduce significant enantioselective catalysis were
unsuccessful, we were able to produce the first ex-
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