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Abstract

Several synthetic strategies were developed for the preparation of chiral dendrimer-encapsulated Pt nanoparticle (Pt DEN)
catalysts. In one approach, regular OH-terminated polyamidoamine (PAMAM) dendrimers were first derivatized with cin-
chonidine using “click” chemistry and sebacic acid as a linker. As many as half of the 64 terminal OH groups in a 4th genera-
tion PAMAM dendrimer could be modified this way, and the overall cinchonidine content could be tuned by controlling the
CD:PAMAM ratio during synthesis. Platinum nanoparticles were then added to these cinchonidine-modified dendrimers. In
an alternative route, regular Pt DENs were made first using PAMAM, and the resulting material was then derivatized with
cinchonidine. The two synthetic routes proved successful, but led to materials with different spectroscopic and catalytic
properties, presumably because the metal nanoparticles in the first case are made near the cinchonidine functionality, in the
outside of the dendrimer structure rather than in its inside, as believed to be the case with the second procedure. A poten-
tial complication related to the poisoning of the Pt nanoparticle surface during synthesis was also identified in the second
protocol. The catalytic performance of these catalysts for the hydrogenation of a-ketoesters proved to be poor in all cases,
presumably because of a number of problems associated with mass transport limitations inside the dendrimer structures and
restricted flexibility of the outer chiral branches, which may not be able to interact with the catalytic surfaces. Nevertheless,
interesting synthetic lessons were derived from our work with potential value for other applications.

Keywords Platinum - Cinchonidine - Enantioselectivity - Infrared absorption spectroscopy - NMR - Asymmetric
hydrogenation - Coupling reactions

1 Introduction performing catalytic processes enantioselectively [4—7].

Much of the chemistry used to make enantiopure chiral

One of the central challenges in modern heterogeneous
catalysis is the control of selectivity, as a way to mini-
mize the consumption of reactants, the need for separation
steps to purify the products, and the disposal of potentially
toxic byproducts [1-3]. Perhaps the ultimate test regarding
selectivity is the ability to synthesize catalysts capable of
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compounds, especially in the pharmaceutical industry, uses
homogeneous catalysts, but it would be highly desirable to
substitute those with appropriate heterogeneous counter-
parts, which would be simpler to handle [8]. Unfortunately,
efforts to develop heterogeneous chiral catalysts have to date
resulted in limited success. Perhaps the best-known example
is the so-called Orito reaction [9], in which a platinum-based
hydrogenation catalyst is chirally modified by adding a small
amount cinchona alkaloid to the feedstock solution [10-12].
This approach has been shown to lead to enantiomeric
excesses in the chiral products quite close to 100%, but only
for a very limited to reactants (typically a-ketoesters) [13].
It is also not an entirely heterogeneous process, as the cin-
chona alkaloid modifier is provided in solution and needs to
be separated from the products afterwards.

Inspired by the Orito reaction, we have been explor-
ing different ways to add the chiral modifiers directly to
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solid catalysts. For instance, we have developed ways to
tether cinchonidine to silica porous supports using well-
established “click” chemistry [14-16] and have tested the
resulting materials for the promotion of the enantioselec-
tive addition of aromatic thiols to unsaturated ketones [17,
18]; some examples are already available in the literature
on the promotion of coupling reactions this way [19, 20].
We have also incorporated our click-chemistry synthetic
methodology into a procedure for the modification of plati-
num/silica catalysts for the promotion of the Orito reaction
[21], an approach also tried by others [22-25] (our unique
contribution there has been to envision a way to tether
the cinchona modifiers selectively next to the Pt nano-
particles dispersed on the silica support). In an attempt
to design these bifunctional catalysts in a more integral
manner, we have also tested the use of self-assembly to
add the cinchona alkaloid directly to the surface of the
metal [26]. The idea of using self-assembly to modify
catalytic surfaces in order to improve selectivity has been
advanced recently for other systems [27], and there is an
interesting report where an asymmetric catalyst was pre-
pared by encapsulating metallic nanoclusters in chiral self-
assembled monolayers immobilized on a mesoporous SiO,
support [28].

In this article, we report results from our study on a dif-
ferent approach, where enantioselectivity in the behavior
of dendrimer-encapsulated metal nanoparticles (DENs) is
attempted by modifying the dendrimer organic structure,
adding a chiral agent to it. Dendrimers have proven to be
quite useful in catalysis by themselves [29], thanks to the
fact that they combine the molecularity that provides such
control of selectivity in homogeneous catalysis with the ease
of manipulation that comes from their high molecular weight
[30]. There has also been some work specifically directed at
making chiral dendrimers [31, 32]. Chirality can be added
directly into the monomeric units used to build up the den-
drimers, but that has turned out to be inefficient; a more
viable approach has been to add chiral moieties to the end of
achiral dendritic cores. To avoid problems with interference
of the chiral functionality with the dendritic fragments at dif-
ferent generations, alkyl chains or rigid hydrocarbon back-
bones have been incorporated as spacers [33]. This is the
approach chosen for our work: by using “click” chemistry,
we have added cinchonidine (CD) moieties, which are chiral,
to the end of OH-terminated polyamidoamine (PAMAM)
dendrimers by using sebacic acid (SA) as the linker. We have
further expanded our work to make dendrimer-encapsulated
Pt nanoparticles (DENs) with the intention of testing those
for enantioselective hydrogenation catalysis. The synthesis
and evaluation of DENs have been successfully pioneered
by the Crooks group [34], and have been tried for catalytic
applications by many other research groups [35—42]. In the
next sections, we describe the synthetic strategies that we

have used for the preparation of our CD-based Pt-DEN cata-
lysts and the results obtained from their characterization.

2 Synthesis of Cinchonidine-Terminated
Dendrimers

The first step in our strategy was to develop an efficient
way to prepare cinchonidine-terminated dendrimers. As
mentioned in the introduction, we have done this by add-
ing the cinchonidine (CD) molecules to our 4th-generation
hydroxyl-terminated (G,-OHg,) PAMAM dendrimers via
“click” chemistry. Several linkers were tested for this pur-
pose. To take advantage of our expertise on the use of click
chemistry to tether cinchona alkaloids and other catalysts
to silica solid surfaces [17, 18, 43], we first tried the use
of propyltriethoxysilane-based linkers. We wanted to take
advantage of our knowledge on how to control the tether-
ing point of cinchonidine to the dendrimer: at the alcohol
moiety (using a mercapto linkers), or at the peripheral vinyl
group (that can react with an isocyanato functionality). The
click chemistry was also tested in both possible sequences,
namely, by attaching the CD to one end of the linker first
and then the combined CD-linker unit to the PAMAM den-
drimer, or by switching the order of these steps and binding
the linker to the PAMAM first and adding the CD afterward.
Unfortunately, the attachment of either the linker alone or
the CD-linker unit to the dendrimer required in these pro-
tocols did not work: mass spectrometry data (taken using
matrix-assisted laser desorption/ionization—MALDI)
did not show any signal for masses above that of the pure
PAMAM, and no evidence for the presence of the linker or
the CD moiety could be extracted from any of the 'H of #Si
NMR spectra taken.

Based on the initial negative results with silane-
based linkers, we moved on to using sebacic acid (SA,
HOOC-C4H,—COOH), to form a carbamate link with the
OH group in CD at one end and a second connection at the
terminal hydroxyl ending of the PAMAM at the other. The
CD-SA complex was made first, according to the following
synthesis:

1. Cinchonidine (CD, 0.735 g, 2.5 mmol), sebacic acid
(SA, 1.01 g, 5.0 mmol) and 4-(dimethylamino)pyridine
(DMAP, 0.061 g, 0.5 mmol) were added to a 100 mL
two-neck flask;

2. The flask was evacuated and filled with N,;

3. 30 mL of tetrahydrofuran (THF), dried by using a
molecular sieve, were added while maintaining the flask
in an ice bath and under continuous stirring;

4. N,N-dicyclohexylcarbodiimide (DCC, 1.236 g,
6.0 mmol), dissolved in 20 mL of THF, was added drop-
wise;
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5. After 30 min, the temperature of the mixture was
increased to 300 K, and the reaction was continued
under N, for 24 h;

6. The mixture was filtered to remove the solid, and the
solvent of the filtrate was removed under reduced pres-
sure; another 50 mL CHCl; were then added to dissolve
all of the residual compounds;

7. The solution was sequentially washed with deionized
water (3 x50 mL), dried with Na,SO, overnight, con-
centrated under reduced pressure, and further purified by
using a silica column with ethyl acetate/THF/methanol
as the diluent. The final product was a white solid.

This intermediate CD—SA product was characterized by
infrared absorption spectroscopy, 'H and '*C NMR, and
electrospray ionization (ESI) mass spectrometry; the data
from the first two studies are provided in Figs. 1 and 2, with
the corresponding peak assignments listed in Tables 1 and
2, respectively, and the mass spectrum is shown in Fig. 3.

This CD-SA sub-unit was then tethered to the PAMAM
dendrimer according to the following procedure:

1. A solution of PAMAM-(OH),, (4th generation, 10 wt%
in methanol, 0.86 g, [OH]=0.386 mmol) was placed
in a 100 mL two-neck flask, and the methanol was
removed under reduced pressure;

2. CD-SA (0.2219 g, 0.463 mmol; 1.2 times the amount
of OH groups in the PAMAM) was added;

3. The flask was evacuated and filled with N;
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Fig. 1 Transmission infrared (IR) absorption spectra for the samples
obtained at each step of the synthesis of our cinchonidine-modified
polyamidoamine dendrimers (CD-SA-PAMAM). A scheme of the
synthetic steps used is provided on the right
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Fig.2 '"H NMR data for the same samples as in Fig. 1

4. Anhydrous dimethyl sulfoxide (DMSO, 10 mL) was
added as a solvent;

5. DMAP (56.5 mg, 1.2x0.386 mmol) and N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC,
0.1480 g, 2x0.386 mmol) were added into the solu-
tion;

6. The reaction was conducted at 313 K for 24 h while
stirring under N,;

7. The solvent was partially evaporated via evacuation;

8. The reaction solution was dialyzed for 2 days in etha-
nol using a cellulose dialysis tubing having a molecular
weight cut off of 2000, changing the solvent every 8 h
to remove impurities and residual reagents;

9. The residual solution in the dialysis tubing was col-
lected, washing the tubing with ethanol several times.
All these solutions were combined;

10. The ethanol solvent was removed under reduced pres-
sure, and the product was dried by lyophilization.

The new products were characterized again by infra-
red absorption and '"H NMR spectroscopies; the data are
shown in Figs. 1 and 2, and the peak assignments provided
in Tables 1 and 2. These data attest to our success in pro-
ducing clean CD-SA-PAMAM samples with the proce-
dure described above. To notice in particular are the dis-
appearance of the C=0 stretching mode in the IR data (at
1705 cm™!, lost upon esterification) and the SA—CD peaks
assigned to the —OH group in the "H NMR spectra (peak a
at 9.32 ppm) after the last linking step. Also, the broad IR
feature at 3299 cm™!, attributed to the stretching vibration
of the peripheral -OH groups in PAMAM, can still be seen
in the trace of the final product, but at a reduced intensity.
This suggests that the derivatization of the terminal hydroxyl
groups in the PAMAM is only partial, a subject that we dis-
cuss in more detail next.
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Table 1 Vibrational mode

. . Assignment® CD SA CD-SA PAMAM CD-SA-PAMAM
assignment for the infrared

absorption spectra shown in CD modes [44]

Fig. 1 900p(C-H)g 757(vs) 757(vs) 756(vs)
Doop(C—H) g, S00pq 803(s) 817(s) 817(w)
comp(C—H)Q 883(s) 885(s) 885(vw)
Doop(C—H)gp 1001(m) 991(w) 988(w)
Bip ring,0» Oip(C—H)q 1507(w) 1511(w) 1510(vw)
Bip ring, @ Oip(C—H)q 1590(m) 1597(m) 1593(vw)
UC-H)yiny 2865(w) 2857(w) 2858(w)
UC-H)qg 3071(w) 3075(w) 3072(w)

SA modes
Y(C-H)cy, 1186(m) 1160(m) 1163(m)
o(C-H)cy, 1239(m) 1234(m) 1241(m)
WC=0)er 1745(m) 1736(m)
W(C=0),q 1698(vs) 1705(m)
V(C-H)cy, 2924(m) 2932(m) 2930(m)
PAMAM modes
V(C-N) 1553(vs) 1553(vs)
v(C=0) 1645(vs) 1647(vs)
v(O-H) 3288(vs) 3299(vs)

All frequencies reported in wavenumbers (cm™!). Intensities given in parenthesis: vw=very weak;
w =weak; m=medium; s =strong; vs = very strong

*Vibrational modes: » =wagging; 8=deformation; v=stretching; y=scissoring. Subindices: oop =out-of-
plane; ip=in-plane; Q=quinoline ring in CD; QB =benzene moiety of quinoline ring in CD; vinyl = vinyl

moiety in quinuclidine of CD

The molecular weight average and distribution of the syn-
thesized CD-SA-PAMAM samples were estimated by using
MALDI-MS. As can be seen in Fig. 4, a broad feature was
seen in those spectra centered around 27,500 amu, with a
total width of approximately 14,000 amu. By using 14,277
and 478 g/mol as the values for the molecular weights of
PAMAM-OH and SA-CD, respectively, and by realizing
that one water molecule is lost in each esterification reaction
between a PAMAM terminal hydroxyl and a CD-SA car-
boxyl group, we were able to calculate the average number
of cinchonidine attachments achieved in our synthesis per
PAMAM molecule to be approximately 30 + 10, close to half
of the 64 —OH groups in the 4th-generation PAMAM used
in this study. Such estimate is in qualitative agreement with
the reduction in intensity of the O-H stretching-mode peak
(~3290 cm™') seen in the IR spectra of PAMAM upon the
addition of the cinchonidine (Fig. 1).

The total number of cinchonidine molecules tethered to
the individual PAMAM dendrimer units can be controlled
by adjusting the ratio of the CD-SA and PAMAM reac-
tants used in the coupling step. The initial experiments
were performed with a x=CD-SA:PAMAM ratio of 1.2
as indicated above. Lower ratios were explored as well,
as a way to lower the CD content in the derivatized den-
drimer below the ~50% saturation obtained initially. It was
found that, indeed, the average number of CD molecules

incorporated into the PAMAM changes in an approxi-
mately linear fashion with the amount of CD-SA added
to the reaction mixture. This is illustrated by the data in
Fig. 5, which shows IR spectra for three CD-SA-PAMAM
samples, made with x=0.25, 0.5, and 1.2 ratios. It can be
seen there that the intensity of the peaks due to the CD-SA
unit increase in relative intensity (compared to those due
to PAMAM) with increasing value of x; notice in particu-
lar the growth of the features at 880 and 1740 cm™!, asso-
ciated with the out-of-plane quinoline-ring C—H deforma-
tion and ester C=0 stretching vibrational modes of the
tethered CD-SA moieties. Corroborating information was
obtained by using 'H NMR (data not shown). One impor-
tant consequence of these changes in CD:PAMAM ratios
is that they alter solubility: with small CD contents, the
dendrimers are typically soluble in high polarity solvents
such as water, DMSO, or methanol, but as the number of
CD moieties per PAMAM unit is increased, that solubil-
ity decreases. For instance, the signal intensities of the
peaks in UV—Visible absorption spectra associated with
cinchonidine, at 204, 226, 232, 285, and 320 nm, are lower
with the x=0.5 sample than with the x=0.25 (Fig. 6).
Conversely, the solubility in lower-polarity solvents such
as chloroform was found to improve with the number of
CD substitutions.
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Table 2 'H NMR peak assignment for the spectra shown in Fig. 2

p (o]
LY d ¢ on. R
c d d b OH
o c d d b a
SA
Cd-SA
e lo) e
L5 30y Iowow
- \E_)/\NMN(\/ ® Nee o
A2 W 4y g
core branch groups terminal group
PAMAM-OH

Chemical shift (ppm) CD SA CD-SA PAMAM CD-SA-PAMAM

CD peaks
A 8.88 8.88 8.80
B 8.14 8.29 8.28
C 8.05 8.16 8.0
D 7.70 7.75 7.75
E 7.59 7.65 7.59
F 7.52 7.36 7.47
G 5.80 577 5.83
J 5.76 6.70 6.35
K 5.66 - -
L 4.99 5.02 497
M 4.95 4.99 492
N 3.42 3.40 3.40
P 3.16 327 3.23
Q 3.09 3.13 322
R 2.70 2.81 Overlay
S 2.66 2.78 2.78
T 2.28 227 2.28
U 1.72-1.82 1.73-1.83 1.84
v 1.22-1.32 1.43 1.39

SA peaks
a 11.89 9.32 Disappear
b 2.15 2.40 Overlay
c 1.43 1.60 1.61
d 1.21 1.27 1.08

PAMAM peaks
5 4.68 4.69
3/ 3.07 3.07
1/1 2.61 2.61
4 2.39 2.39
2/ 2.17 2.17
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Fig. 3 Electrospray ionization
(ESI) mass spectrum of the 479.2922
sebacic acid-derivatized cincho- CD-SA MH+
nidine (CD-SA) Electrospray lonization Mass Spectra 479.2922
480.2943
253.2165 |
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amu
Fig.4 Matrix-assisted laser
desorption/ionization (MALDI)
mass spectrum of the cincho- CD-SA- PAMAM MALDI-MS
nidine derivatized dendrimers
(CD-SA-PAMAM) synthesized
in this research
32002
21010 2 32080 34944
08 t 3%‘ ‘33827
" \ A
H | * .\sl " H H
Mll it " .,M‘,,
' \"‘ | ' i ' | ‘
18284.6 24773.4 31262.2 37751.0

3 Synthesis
of Cinchonidine-Terminated-Dendrimer
Encapsulated Pt-Nanoparticles

Metal nanoparticles can be grown inside dendrimer struc-
tures via titration of the basic groups in the latter using a
metal anion, PtCl42_ in the case of platinum, followed by a
reduction step, in a well-established protocol developed by
the Crooks group [35]. In our case, the metal can be added
either before or after the chiral modification of the den-
drimer with cinchonidine. We found that both approaches
present unique challenges, and that they lead to final mate-
rials with different catalytic properties. For the case where
the platinum nanoparticles (Pt-NPs) were grown on the

amu

chirally-modified CD-SA-PAMAM, the synthetic steps
were as follows:

1. 60 mg of CD-SA-PAMAM (2.18 X 107® mol) were dis-
solved in 21.8 mLL DMSO;

2. The flask was evacuated and filled with N,;

3. 36.2 mg of K,PtCl, (8.72x 1075 mol, 40 equiv. to CD—
SA-PAMAM, in 3 mL DMSO) were added dropwise
into the solution;

4. The flask was sealed, and the reaction was conducted

under dark for 10 days while continuously stirring (at
the end of this step, the solution was yellow);

5. 33 mg of NaBH, (10 equivalents to K,PtCl,, in 10 mL
DMSO) were added (the color of mixture changed to
brown/black);
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CD-SA-PAMAM-x
IR versus CD:PAMAM Ratio (x)
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Fig.5 Transmission IR absorption spectra for three CD-SA-
PAMAM samples prepared using three different ratios of CD-SA ver-
sus PAMAM (x=0.25, 0.5, and 1.2) in their synthesis. It is seen that
the average number of CD substitutions per PAMAM unit increases
approximately linearly with that ratio, as indicated by the growth of
the peaks at 880 and 1740 cm™!

CD-SA-PAMAM-x

20 ] UV-Vis Absorption Spectra

2.5
] CD-SA-PAMAM-0.25
in Water

2.0
] CD-SA-PAMAM-0.5
in Water

1.5

Absorbance

1.0 .- CD in Methanol

0.5

0.0 1— . .
200 250 300 350

Wavelength / nm

Fig.6 UV-Vis absorption spectra for saturation solutions of CD-—
SA-PAMAM in water, used to evaluate their solubility. Data are pro-
vided for two samples, prepared with CD-SA:PAMAM (x) ratios of
0.25 and 0.5. A reference spectrum is also provided for pure cincho-
nidine (CD). The solubility decreases with increasing CD content in
the PAMAM, as indicated by the lower signal obtained for the x=0.5
sample (compared to the x=0.25)

6. The reaction was continued for another 3 h

7. The solution was concentrated under vacuum, and puri-
fied by dialysis using DMSO and ethanol, with a cellu-
lose dialysis tubing having a molecular weight cut off of

@ Springer

2000, changing the solvent every 8 h to remove impuri-
ties and residual reagents.

The incorporation of the Pt salt into the derivatized den-
drimers was initially tested using the CD-SA-PAMAM-1.2
(the one prepared with a CD-SA:PAMAM ratio of x=1.2)
sample, and the expected chemistry was corroborated by
UV-Vis absorption spectroscopy and by the observa-
tion that the product precipitated from solution as a yel-
low solid. The formation of the Pt nanoparticles after the
reduction step also became evident by the change in color
of that solid, to brown/black, and by the visualization of
Pt nanoparticles with an average diameter of about 1.3 nm
(~75+35 Pt atoms) in transmission electron microscopy
(Fig. 10; Table 3). Additional confirmation came from
infrared absorption spectroscopy data, on the basis that the
relative intensities of the peaks at 1558 and 1645 cm™!, due
to the amide-II N-H bending/C-N stretching and amide-I
C=0 stretching vibrations of the dendrimer, change upon
the formation of the Pt nanoparticles inside the PAMAM
dendrimers, and that the amide-I peak blue-shifts by about
10 cm™! [45]. The data in Fig. 7, which displays IR spectra
for both a regular PAMAM and for CD-SA-PAMAM-0.25
before and after the addition of the Pt nanoparticles, shows
the expected changes: the 1645/1558 peak intensity ratios
go from 1.4 to 0.75 in the original PAMAM and from 1.3 to
0.94 with CD-SA-PAMAM upon Pt-NP addition.

Although the synthesis of these PINP-[CD-SA-PAMAM]
chirally-modified DENs appears to have been successful,
some potential pitfalls were identified with the synthetic
approach, as it was determined that the PtCl,%>~ ions coordi-
nate preferentially to the quinuclidine nitrogen atoms in CD
rather than to the internal amido groups of the PAMAM,
as desired. Indeed, independent experiments with CD-SA
indicated that similar Pt nanoparticles can be made with the
isolated cinchonidine units, with comparable kinetics. More-
over, the peak at 255 nm, attributable to the ligand-to-metal
charge transfer from the tertiary amines of the dendrimer
to bound Pt** [35], could not be detected in the UV-Vis
spectra of the PINP-[CD-SA-PAMAM] samples (Fig. 9).
Spectral changes similar to those seen upon addition of the
platinum salt to the CD-SA-PAMAM (a disappearance of
the broad feature at 285 nm and the growth and sharpening
of the peaks at 305 and 315 nm) could be induced by titrat-
ing the CD amine groups with HCI as well, as previously
reported [46] (data not shown). In retrospect, the tendency
for the platinum ions to coordinate to CD is not surprising,
given that the amine nitrogen atom in CD exhibits a higher
pKa than the nitrogen atoms in PAMAM. It was established
that this problem could be minimized (but perhaps not com-
pletely eliminated) by using the CD—-SA-PAMAM samples
with the lower CD loads, as those are soluble in water and
can therefore be treated with the platinum salt directly in



Topics in Catalysis (2018) 61:902-914

909

Table 3 Catalytic performance of various catalysts for the hydrogenation of ethyl pyruvate

Entry Catalyst Neyryse (MMOD)  Vgpen (ML) PUCD  tpeyeiion (h) Conversion (%) %ee (£0.8)" <d>ppptstdev <#Pt>
molar (nm)
ratio
1 1 wt% Pt/SiO, 0.005 5 2.5/4 90.2/98.2 73.4
2 PINP-PAMAM 0.01 10 3 36 97.3 19.5 14+0.2 95+41
3 PINP-PAMAM 0.01 10 - 36 98.5 0.6
4 PINP-[CD-SA- 0.0038 5 28 97.5 0.4 1.2+0.2 60+30
PAMAM-1.2] in
DMSO
5 PINP-[CD-SA- 0.0038 5 48 20.3 0.8 1.5+0.2 120+ 60
PAMAM-1.2] in
ethanol/water
6 PtINP-[CD-SA- 0.0038 5 10724 73.1/76.4 0.3 1.3+0.2 75+35
PAMAM-0.25] in
water
7 CD-SA-[PtNP-— 0.0038 5 3/24 1.3/8.6 0.7 1.7+0.2 170+ 60
PAMAM] prepared
in DMSO
8 CD-SA-[PtNP- 0.0038 5 3 24 39
PAMAM] prepared
in DMSO
9 CD-SA-[PtNP- 0.0038 5 24 31.7
PAMAM] prepared
with DCC
Effect of solvent
10 PINP-PAMAM in 0.005 5 3 24 97.4 20.9
acetic acid
11 PINP-PAMAM in 0.005 5 3 24 30.7 10.0
acetic acid + etha-
nol
12 PINP-PAMAM in 0.005 5 3 24 63.3 3.9
ethanol
Effect of CD:Pt ratio
13 PINP-PAMAM 0.005 5 7.5 24 68.7 10.5
14 PINP-PAMAM 0.005 5 24 34 12.1
Effect of H, pressure
15 PINP-PAMAM 0.005 10 3 12 47.0 29.9
(P(H,)=1 atm)
16 PINP-PAMAM 0.005 10 3 4.5 63.4 21.0
(P(H,)=10 atm)
17 PINP-PAMAM 0.005 10 3 4.5 43.1 5.2

(P(H,) =30 atm)

Substrate (EtPy)/Catalyst molar ratio=250/1, Solvent: acetic acid (unless

cated)
“Enantioselectivity excess toward the production of R-ethyl lactate

an homogeneous mixture (K,PtC, is not very soluble in the
alcohols needed to dissolve the CD-SA-PAMAM-1.2 sam-
ple, so water—alcohol mixtures were used in that case).

In order to circumvent the problem of the preferential
coordination of the Pt ions to the external CD sites in
the CD-SA-PAMAM samples, an alternative route was
explored where the cinchonidine was added to the den-
drimers after the formation of the Pt nanoparticles instead,

otherwise indicated), T=293 K, P(H,)=1 atm (unless otherwise indi-

to make what we denote as CD-SA—-[PtNP-PAMAM]
samples. Regular PtNP-PAMAM was first prepared as
follows:

1. PAMAM was dissolved in 18 MQ cm Milli-Q water;
. The flask was evacuated and filled with N,;
3. 36.2 mg of K,PtCl,, as a 0.1 M aqueous solution (40
equivalents per PAMAM), were added dropwise;
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PAMAM IR Spectra
Evidence for Pt-NP Addition

PtNP-[CD-SA-PAMAM-0.25]

o |

[] !

R |

c

=

£ |ss0 Y

E CD-SA-PAMAM-0.25
- 1560.._ || 1637

I S

-

2000 3000 4000

Wavenumber / cm™

1000

Fig.7 Transmission IR absorption spectra for regular PAMAM and
for our chirally-modified CD-SA-PAMAM-0.25 sample before and
after the addition of the Pt nanoparticles, which was made evident
by the change in relative intensities of the amide-II versus amide-I
peaks, at 1560 and 1637 cm™, respectively. The presence of CD in
the chirally-modified samples is also indicated by the peaks at 880
and 1740 cm™!

4. The flask was sealed, and the reaction was conducted
under dark while stirring for 10 days (the color of the
solution changed gradually from pink to yellow, a pro-
gression that was followed by UV-Vis);

5. 33 mgof NaBH,, as a 0.15 M fresh aqueous solution (10
equivalents to K,PtCl,), were added into the resulting
solution (the color of the mixture changed to black);

6. The reaction was continued for 3 h;

7. The solution was concentrated under vacuum, and puri-
fied by dialysis using H,0,, with a cellulose dialysis tub-
ing having a molecular weight cut off of 2000, changing
the solvent every 8 h to remove impurities and residual
reagents.

Once the PINP-PAMAM were made, the cinchonidine
was added as follows:

1. 20 mg of the PINP-PAMAM catalyst ((OH]=5.8x 107>
mol, 35.3 wt% of Pt) was placed in a two-neck flask;

2. CD-SA (6.9 mg, 0.25x[OH]) and DMAP (1.77 mg, 1

equivalent to CD-SA) were added;

The flask was evacuated and filled with N,;

Anhydrous DMSO (6 mL) was added as a solvent;

EDC (22.2 mg, 2 X [OH]) was added;

The reaction was conducted at room temperature while

stirring for 24 h;

8. The solution was concentrated under vacuum, and puri-
fied by dialysis for 2 days using ethanol, with a cellu-

AN
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CD-SA-[PtNP-PAMAM]
IR at Each Step of Synthesis

1740 CD-SA-[PtNP-PAMAM]

PtNP-PAMAM

Transmittance

1560 ||
1637

2000 3000
Wavenumber / cm!

1000 4000

Fig.8 Transmission IR absorption spectra at the different stages of
the synthesis of the sample made by first preparing PEINP-PAMAM
DEN:s, starting from a regular PAMAM, and then adding the cincho-
nidine chiral modifier. The success of the preparation procedure is
indicated by both the changes in the relative intensity of the 1560 and
1637 cm™! peaks upon the formation of the Pt nanoparticles and by
the appearance of the new features at 880 and 1740 cm™' indicative
of the addition of the CD-SA moieties

lose dialysis tubing having a molecular weight cut off of
2000, changing the solvent every 8 h to remove impuri-
ties and residual reagents.

7. The residual solution in the dialysis tubing was col-
lected, washing the tubing with ethanol several times,
and all the solutions were collected together;

8. The ethanol solvent was removed under reduced pres-
sure, and the product was dried by lyophilization.

The success of this synthetic protocol was checked
by IR and UV-Vis absorption spectroscopies; the data
are shown in Figs. 8 and 9, respectively. Two things are
worth noticing in the IR absorption spectra reported in
Fig. 8, which corroborate the success of the synthesis of
the CD-SA-[PtNP-PAMAM] sample. First, the ratio of the
amido-I (~ 1637 cm™") to amido-II (~ 1560 cm™") peak inten-
sities changes upon the addition of the Pt nanoparticles, from
1.4 on the free PAMAM to 0.76 and 0.80 for PINP-PAMAM
and CD-SA-[PtNP-PAMAM], respectively. This is indica-
tive of the formation of the Pt nanoparticles inside the
PAMAM dendrimer. Second, new peaks are seen in the
spectra for CD-SA-[PINP-PAMAM] at 880 and 1740 cm™!,
corroborating the success of the CD addition step. The
most significant observations deriving from the UV—-Vis
absorption spectra reported in Fig. 9 is the appearance of
a new band at 255 nm in the traces for PINP-PAMAM and
CD-SA-[PtNP-PAMAM], an absorption associated with a
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[PtNP + CD] + PAMAM

3.0 UV-Vis Absorption Spectra

2.5} | CD-SA{PINP-PAMAM]

2.0
] 255 nm

ligand-to-metal

charge transfer

Absorbance

1.5
1.0
PtNP-[CD-SA-PAMAM-0.25]
05 \
] PINP-PAMAM ’
0.0

250 300 350 400 450 500
Wavelength / nm

Fig.9 Comparative UV-Vis absorption spectra for PINP-[CD-SA—
PAMAM-0.25] and CD-SA-[PtNP-PAMAM], that is, for cinchoni-
dine-modified Pt DENs made by adding either the chiral modifier or
the nanoparticles first, respectively. A reference spectrum for a reg-
ular PINP-PAMAM DEN is provided as reference. To notice is the
fact that a peak at 255 nm assigned to a ligand-to-metal charge trans-
fer band is seen only in the samples where the cinchonidine is added
last

ligand-to-metal charge transfer, and the increase in absorp-
tion at low energies because of the inter-band transition
of the encapsulated zero-valent metal nanoparticles [35].
Notice that the spectrum for the PtNP-[CD-SA-PAMAM-
0.25] sample, that is, for the sample where the Pt nanoparti-
cles were added after the incorporation of cinchonidine into
the dendrimer structure, shows more intensity at lower ener-
gies but no indication of complexation of the Pt(Il) ions with
the nitrogen atoms in the dendrimer (no 255 nm peak inten-
sity), as we mentioned before. Finally, all methods yielded Pt
nanoparticles of approximately the same size, with average
diameters of about 1.5 nm (~ 120 + 60 Pt atoms), as indicated
by the TEM images in Fig. 10. The actual distributions of
the NP diameters measured for each case are shown in each
panel of Fig. 10, and the average values are listed in Table 3.
Also reported there are the number of Pt atoms estimated
from such diameters using the known values for the density
(21.45 g/cc) and molecular weight (195.084 g/mol) of Pt.

4 Catalytic Performance

The new catalysts made in this project were tested for the
catalytic promotion of the hydrogenation of ethyl pyruvate
(EtPy) to ethyl lactate, with particular interest in the poten-
tial selectivity of our samples toward the production of the
R enantiomer. A summary of the data obtained from these
studies is provided in Table 3. The results are contrasted

with measurements made with a standard 1 wt% Pt/SiO,
catalyst, synthesized in house by wet impregnation of an
Aerosil 200 commercial support (Degussa, 200 m?/g) with
Pt(NH;),Cl,.

The data in Table 3 clearly indicate that, unfortunately,
none of the catalysts made here are better than a regular Pt/
Si0, sample modified via the addition of cinchonidine from
solution (Entry 1). That reference catalyst was capable of
reaching almost full conversion within 4 h of reaction and
of achieving an enantiomeric excess (ee) of close to 75%
under the (non-optimized) conditions of our reaction. In
contrast, the best CD-derivatized dendrimer-based catalyst,
PINP-[CD-SA-PAMAM-1.2] in DMSO (Entry 4), required
approximately one full day to reach a similar conversion,
and showed almost no %ee. Even the PEINP-PAMAM cata-
lysts could not be chirally modified efficiently by adding
CD to the reaction mixture in solution: the activity of that
system was still significantly slower than that of the Pt/SiO,
sample, and an enantioselectivity of only about 20% was
possible (Entry 2). This would argue for limited access of
the CD molecules to the center of the dendrimers, where
the Pt nanoparticles reside. We have shown in the past that
access to the Pt surface in Pt-DENS is certainly limited in
the gas phase [47], but that it can be greatly enhanced in
solution [48]. Moreover, a size-measuring study has reported
a significant swelling of dendrimer structures in solution,
and extensive access of water molecules to the inside of
the dendrimers [49]. Yet, it would appear that the cincho-
nidine molecules cannot effectively reach the surface of
the Pt nanoparticles in our catalysts. In addition, the CD
molecules tethered to the outside layer of the dendrimers
do not seem to provide an effective chiral environment for
the platinum surface. It would appear that these CD termi-
nations may limit access to the inside volume of the den-
drimers, even if added in small amounts (as was done with
the PINP-[CD-SA-PAMAM-0.25] sample, Entry 6), and
that they themselves cannot back-fold and reach the earlier-
generation layers of the dendrimers, as it has been claimed
happens with regular dendrimers [49].

A related issue hampering the performance of our chi-
rally-modified dendrimer-based catalyst is their limited solu-
bility. The effect of the solvent is illustrated by the different
results reported in Entries 4 and 5 of Table 3, where the per-
formance of the same PtINP-[CD-SA-PAMAM-1.2] catalyst
is reported in two different solvents, DMSO and an ethanol/
water mixture. Catalytic activity is clearly higher in the first
solvent, where the solid shows higher solubility, even if this
is not a good media for the reactant. By contrast, the more
soluble PtINP-[CD-SA-PAMAM-0.25] catalyst performs
better in water (Entry 6). Mass transport may therefore
limit the performance of these catalysts. Entries 10—12 in
Table 3, which report results from experiments with regu-
lar PEINP-PAMAM plus cinchonidine added to the reaction
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Fig. 10 Transmission electron
microscopy (TEM) images of
different CD-modified Pt-DENs.
Also reported in the insets are
the size distributions of the
platinum nanoparticles meas-
ured from images like the ones
shown (total nanoparticle count
per distribution =100). The
entry numbers refer to Table 3
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solution, also show that changing solvents affect the perfor-
mance of these catalysts. The solvent is known to affect the
efficiency of the Orito reaction even with regular platinum
catalysts [50-53], but in this case there is an additional solu-
bility factor to be considered. Unfortunately, only a handful
of solvents could be tested, those where all the reactant, the
chiral modifier, and the catalyst are soluble. Entries 13 and
14 attest to the fact that the relative amount of cinchonidine
added to the reaction mixture is also an important parameter
to consider [54, 55], but that the ratio chosen initially in our
experiments was close to the optimum already.

The catalysts where cinchonidine was added to the den-
drimer structure after forming the platinum nanoparticles
inside, that is, where the chirality was attached directly to
the Pt DENs, were the ones that showed the worst perfor-
mance (Table 3, Entries 7-9). In that case, the length of the
sebacic linker between the CD and the PAMAM, ~ 1.4 nm,

@ Springer
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needs to be added to the average distance between the sur-
face of the Pt nanoparticles and the edge of the PAMAM
dendrimers, which has been estimated to be ~0.7+0.2 nm
[34], to figure out how far the chiral modifier sits from the
active catalytic centers: ~2.1 nm. However, the carbon chain
of the sebacic acid linkers are quite flexible, so distance
alone may not explain the poor catalytic performance of
the CD-SA-[PtNP-PAMAM] catalysts. Certainly, adding
cinchonidine to the reaction solution alone do not improve
the catalytic performance of the CD-SA-[PtNP-PAMAM]
sample (Entry 8 in Table 3). Instead, we suspect that the
poor catalytic performance observed may be due to the
fact that the surface of the platinum catalyst may become
poisoned during the last synthetic steps, the one required
to couple the CD-SA units to the PAMAM dendrimer. It
may be that some of the reactants used in that synthesis
poison the metal surface irreversibly. To test this possibility,
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N,N'-dicyclohexylcarbodiimide (DCC) was used instead of
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)
to attach the cinchonidine to the PEINP-PAMAM. Unfortu-
nately, quite poor performance was obtained with that cata-
lyst as well (Entry 9); the new carbodiimide appears to be
as poisonous as the old, even though we initially argued that
the added steric hindrance from the cyclohexyl rings in DCC
could minimize the problem; inactivation of the platinum
catalytic surface during the steps used for the addition of
cinchonidine to the Pt DENs remains the most likely expla-
nation for the particularly bad catalytic performance of the
resulting CD-SA—[PtNP-PAMAM] samples.

A few additional tests were attempted in search of bet-
ter results, with no success. For instance, it was seen that
addition of the chirally-modified CD-SA-PAMAM den-
drimer to the regular 1 wt% Pt/SiO, catalyst resulted in
almost complete loss of catalytic activity. Larger Pt nano-
particles in the DENs, which were prepared by reducing the
Pt>*~PAMAM precursors with H, instead of NaBH, [56],
also led to a reduction in activity and an almost complete
loss of enantioselectivity. Larger (higher-generation) den-
drimers were not considered here, as the resulting DENs
have already proven to be less effective catalysts, presum-
ably because of the increased distance between the metal
surface and the edge of the PAMAM units [57]. Increas-
ing the hydrogen pressure used during hydrogenation was
found to indeed increase catalytic activity, but to also result
in a loss of enantioselectivity (Table 3, Entries 15—17). The
processing of larger a-ketoesters yielded less promising
results: the hydrogenation of ethyl 2-oxo-4-phenylbutyrate
with PINP-PAMAM, with CD added to the solution, took
36 h for a 4.5 conversion, and resulted in negligible enan-
tioselectivity (%ee = 1.7). Finally, the catalytic behavior
of the cinchonidine functionality by itself in the CD-deri-
vatized dendrimers was briefly probed. For this, we used
a previously reported test reaction, namely, the addition
p-tert-butylbenzenethiol to 2-cyclohexen-1-one [17, 18, 58,
59]. Full conversion was obtained within 24 h with both
CD-SA-PAMAM and PtNP-[CD-SA-PAMAM], but with
very poor enantioselectivity (%ee=2.0 and 3.8, respec-
tively). The reasons for this are at present unknown.

5 Conclusions

Successful protocols were developed for the preparation of
chiral dendrimer-encapsulated metal nanoparticles (DENSs).
Two general approaches were tested, by first making cincho-
nidine-derivatized PAMAM dendrimers and then adding the
metal nanoparticles, and by reversing that sequence, mak-
ing regular DEN:Ss first and adding the cinchonidine modifier
afterward. The two procedures were successful, but led to
final samples with different catalytic properties. In the first

case, the metal nanoparticles may be formed close to the
outside of the dendrimer structure, not in the inside volume,
because the complexation of the metal ion to the organic
framework that is part of this synthesis is likely to occur at
the cinchonidine endings newly attached to the dendrim-
ers, not at the inside of the structure as expected. With the
reverse (second) approach, the main problem is the potential
poisoning of the metal nanoparticle surface with the reagents
used to link cinchonidine to the dendrimer structure. Never-
theless, the success in obtaining the desired final structures
was corroborated by a combination of spectroscopies (IR,
UV-Vis, NMR, mass spectrometry) as well as by electron
microscopy.

These samples proved to be poor catalysts for hydrogena-
tion reactions, showing both low activities and limited if
any enantioselectivities. These poor performances may be
explained by a combination of factors, problems associated
mainly with limited mass transport through the dendrimer
structures and their low solubilities. Disappointing as these
results are, they do not detract from the value of the lessons
learned during the development of the synthetic protocols
and the potential use of the chiral DENs for other applica-
tions such as chiral chromatography, biomolecular recogni-
tion, photo-switching, and as therapy or imaging agents for
medical uses [60-64].
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