
Sequential Reactions Directed by Core/Shell Catalytic Reactors
Sequential catalysis
Sequential Reactions Directed by Core/Shell Catalytic
Reactors
Yanhu Wei, Siowling Soh, Mario M. Apodaca, Jiwon Kim, and
Bartosz A. Grzybowski*
Keywords:
� core/shell reactors

� multifunctional catalysts

� nanoparticles

� sequential reactions
Millimeter-sized reactor particles made of permeable polymer doped with

catalysts arranged in a core/shell fashion direct sequences of chemical

reactions (e.g., alkyne coupling followed by hydrogenation or

hydrosilylation followed by hydrogenation). Spatial compartmentalization

of catalysts coupled with the diffusion of substrates controls reaction order

and avoids formation of byproducts. The experimentally observed yields of

reaction sequences are reproduced by a theoretical model, which accounts

for the reaction kinetics and the diffusion of the species involved.
1. Introduction

The ability to perform multiple reactions in one reaction

vessel and in a well-defined sequence can simplify and

accelerate multiple-step syntheses, and can translate into

significant economic savings by reducing the amount of

byproduct[1] and by eliminating intermediate purification

steps, which account for as much as 60% of the total synthetic

cost.[2] To date, most research on sequential reactions has

focused on the control of intramolecular structure and

reactivity in the so-called cascade (also known as tandem or

domino) reactions,[2a–c,3] on identification of compound

collections suitable for multicomponent reactions[4] (in which,

however, the exact sequence of steps is rarely known[4c,5]), and

on the design of multifunctional[2b] or modular catalysts[6] in

which reaction sequence is controlled by the arrangement of

catalytic subunits.

While the elegance and practicality of many of these

approaches cannot be disputed, biology teaches us that

arguably a simpler strategy can be used to control reaction

sequences – namely, that of spatial compartmentalization in

which the consecutive reactions take place at different regions/

‘‘compartments’’. It is then the transport of reaction substrates/
[�] Prof. B. A. Grzybowski, Dr. Y. Wei, S. Soh, M. M. Apodaca, J. Kim

Department of Chemical and Biological Engineering

Department of Chemistry, Northwestern University

2145 Sheridan Road, Evanston, IL 60208 (USA)

E-mail: grzybor@northwestern.edu

: Supporting Information is available on the WWW under http://
www.small-journal.com or from the author.

DOI: 10.1002/smll.200902336

small 2010, 6, No. 7, 857–863 � 2010 Wiley-VCH Verlag Gmb
products between these regions that determines the outcomeof

the overall reaction sequence. For example, amino acids are

translated into proteins in the endoplasmic reticulum (ER) but

their further ‘‘packaging’’ takes place in the Golgi apparatus

from which they later migrate to final destinations.[7] Another

manifestation of cellular compartmentalization is that of

multienzyme complexes for metabolic channeling (‘‘metabo-

lons’’)[8] whereby biosynthetic intermediatesmigrate and react

sequentially between catalytic sites without diffusing into the

bulk of the cell.

Beyond these and other biological examples,[6] several

research groups have reported non-biological compartmenta-

lized systems for multifunctional catalysis. One strategy that

has been developed relies on the immobilization of mutually

‘‘incompatible’’ reagents/catalysts onto solid or macromole-

cular supports. For example, Avnir’s group pioneered the

separate entrapment of catalysts and catalyst-poisoning

reagents in sol–gel matrices, which enable the simultaneous

use, in one pot, of these chemicals.[9] This concept was

demonstrated in acid–base,[10] redox,[11] and even enzymatic

chemistries.[12] In another approach, Hawker et al. attached

acidic and basic residues to the interior of star polymers such

that they did not quench each other, which allowed both acid-

and base-catalyzed reactions in the same reaction vessel.[13]

Fréchet also reported a system in which ‘‘polarity-directed’’

sequential reactions occur in a biphasic medium comprising oil

droplets suspended in aqueous phase.[14] Spatial separation of

catalysts has also been combined with system geometry,

notably in the form of planar multilayer architectures. For

example, Alfonso et al. fabricated two-layer MgO/PtSnAl

membranes,[15] which under constant flow carried consecutive

oxidative and non-oxidative dehydrogenation of butane; on
H & Co. KGaA, Weinheim 857
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Figure 1. a) Scheme of the fabrication protocol. Cured PDMS containing

catalystC1 iscut (usinghomemadeprecisioncutter) intosmall cubes that

are then immersed in PDMS containing catalyst C2. After curing, the core

and shell reactors are cut into millimeter-sized cubes. b) A sequential

reaction in a core/shell catalytic reactor transforms substrate A first into

intermediateB (reaction catalyzedbyC1). B diffusing into the core is then

converted to C (by C2), which ultimately diffuses out of the reactor. In the

absence of the core/shell architecture, as in the case of PDMS particles

carryingdifferentcatalysts(rightscheme),thereagentscanalsoreactfirst

with C2 and only then with C1 to produce byproducts D and E. c) The

species involved in the reaction sequence catalyzed by PdNP/Cu(OAc)2
system. The core/shell architecture promotes formation of the 1,4-

diphenylbutane product and prevents direct hydrogenation to

phenylethane. d) Similarly, PdNP/AuNP reactors mediate

hydrosilylation/hydrogenation sequence, but eliminate hydrogenation

by-product (4-methoxyethylbenzene).

858
exit, this system produced a mixture of butene isomers,

butadiene, carbon monoxide, carbon dioxide, unreacted

butane, and several other products. Two-layered membranes

were also used inRothenberg’s cat-in-cup system,[16] where the

catalyst was immobilized on one of the membranes while the

reaction substrates and products could diffuse freely in and out.

In another study, Bowden et al. reported an elegant use of

poly(dimethylsiloxane) (PDMS) membranes to spatially

separate polar and non-polar reagents and appropriate

catalysts,[17] such that consecutive reactions could occur on

different sites of the membrane. In parallel to these studies,

there has been significant interest in driving sequential reac-

tions using multifunctional/multilayered particles rather than

membranes (whose incorporation into flow/diffusion systems

can be cumbersome). For example, Eiser et al. synthesized Pd

or Au catalytic nanoclusters surrounded by polyelectrolyte

shells and suggested that these systems could be used for

sequential catalysis (though only one reaction, Sonogashira

cross coupling, was demonstrated).[18] In another interesting

example, Tsubaki’s groupdescribed catalytic particles compris-

ing a zeolite layer surrounding a Co/Al2O3 or Co/SiO2 core.
[19]

These particles were used to direct synthesis of isoparaffins from

syngas, and itwas suggested that uponmodifications they could be

used to direct sequential reactions. The last two examples suggest

that while preparation of core/shell architectures is certainly

feasible, the extension of these systems to sequential catalysis

remains an experimental challenge requiring careful control of

reaction rates versus the speed of migration of the substrates/

intermediates through the supporting matrix.

In this work, we address this challenge and set out to design

compartmentalized ‘‘reactor’’ particles, in which sequences of

catalytic reactions can be controlled by the system’s geometry

and by the diffusion of the reagents/intermediates through the

regions containing different catalysts. Specifically, we describe

systems in which two catalysts (C1 and C2) are occluded in a

permeable polymer matrix and are arranged in a core/shell

manner (Figure 1a).When these composite reactors are placed

in the solution containing reaction substrates, the substrates

first react with C1 (in reaction R1) in the outer shell before

diffusing to the inner core, where reaction R2 is effected byC2.

Provided the dimensions of the core and of the shell are

appropriate, only the sequence of reactions {R1,R2} takes place

and the alternative sequence {R2, R1} is avoided (Figure 1b).

The experimentally observed yields of sequential reactions are

reproduced by a theoretical model, which accounts for the

reaction kinetics and the diffusion of the species involved.

2. Results and Discussion

We fabricated (see Experimental Section) and tested two

types of multicomponent, core/shell reactors based on the

PDMS[20] matrix permeable to gasses (e.g., H2, O2, N2, CH4

etc.) [21] as well as many common organic solvents[22] including

acetonitrile and toluene used in our experiments. In the first

system (Figure 1b), the PDMS core contained �4.8mM (in

terms of metal atoms) of 5-nm Pd nanoparticles stabilized with

dodecylamine (DDA), which are known to be efficient

hydrogenation catalysts.[23] The outer PDMS shell contained
www.small-journal.com � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2010, 6, No. 7, 857–863
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Table 1. Comparison of experimental and modeled steady-state distri-
butions (molar %) of species in sequential alkyne coupling-hydrogen-
ation reactions in PdNP/Cu(OAc)2 reactors.

r1
[mm]

St
[mm]

Run

#

Time

[h]

Conv%,B[a]

Exp/model

Conv%,C[a]

Exp/model

Conv%,D[a]

Exp/model

2 1.5 1 231 14/8.7 86/89 0.0/2.3

2 1.1 1 187 12/6.8 88/90.6 0.0/2.6

2 0.8 1 111 10/4.9 88/90.1 1.9/4.9

1.5 1.5 1 240 17/15 83/84 0.0/0.8

2 1.1 1[b] 144 13 87 0.0

2 1.1 2[b] 144 29 71 0.0

2 1.1 3[b] 144 11 38 35

[a] The degree of conversion is calculated based on the integration of 1H

NMR signals (see Supporting Information, Section 3). [b] Experimental

data from 1H NMR integration; no theoretical data available since the

concentration/aggregation of catalysis in the reused PDMS could not be

quantified.

Table 2. Comparison of experimental and modeled steady-state distri-
butions (molar %) of species in sequential hydrosilylation -hydrogen-
ation reactions in PdNP/AuNP reactors.

r1
[mm]

St
[mm]

Run

#

Time

[h]

Conv%[a]

(F1þ F1)

Exp/model

Conv%[a]

(G1þG2)

Exp/model

Conv%[a] H

Exp/model

2 2.7 1 23 24.6/20.3 75.4/79.6 0.0/0.1

2 1.8 1 23 7.2/11.3 92.8/88.0 0.0/0.7

2 1.8 1[b] 23 7.0 93 0.0

2 1.8 1[b] 23 41 59 0.0

2 1.8 1[b] 23 37.5 10.4 52.1

[a] The degree of conversion is calculated based on the integration of 1H

NMR signals (see Supporting Information, Section 3), and the molar

ratio of two isomer products is about 5:2. [b] Experimental data from 1H

NMR integration; no theoretical data available since the concentration/

aggregation of catalysis in the reused PDMS could not be quantified.

�53mM Cu(OAc)2, which served as an alkyne-coupling

catalyst.[24] When the PDMS reactor was placed in acetonitrile

containing a phenylacetylene substrate and under hydrogen

atmosphere, this substrate was first exposed to Cu(OAc)2 and

converted to 1,4-diphenylbutadiyne before it diffused to the

core where PdNPs catalyzed the hydrogenation of 1,4-

diphenylbutadiyne to 1,4-diphenylbutane (Figure 1c). We

emphasize that since both Cu(OAc)2 and PdNPs are reactive

towards phenylacetylene, the core/shell arrangement is essen-

tial to suppress the alternative reaction pathway leading to

phenylethane. Indeed, for reactors comprising r1� 2-mm cores

surrounded by 1.1-mm-thick shells, the overall conversion (i.e.,

the yield of the two sequential reactions) to 1,4-diphenylbutane

was as high as 88% (for this and other data, see Tables 1 and 2).

In contrast, control experiments inwhichCu(OAc)2andPdNPs

weredispersed in separatePDMSpieces (cf. Figure1b)or in the

samePDMSpiece butwithout any spatial ordering always gave

a mixture of 1,4-diphenylbutane and phenylethane products,

typically in with a �45:55 molar ratio.

The second systemwe tested comprised PdNPs occluded in

thecoreandAuNPs in the shell regions (Figure1d).The solvent

in this case was toluene and the substrate, 4-methoxyphenyl-

acetylene. In the presence of Et3SiH, the shell Au particles

catalyzed the conversion of this substrate into two isomers,

(1-triethylsilyl-2-(4-methoxyphenyl)-ethene and 1-triethylsilyl-1-

(4-methoxyphenyl)-ethene),[25] whichwere thenhydrogenated

by PdNPs into triethyl(2-(4-methoxyphenyl)ethyl)-silane and

triethyl-(1-(4-methoxyphenyl) ethyl)-silane (with a�5:2molar

ratio). In this case, the conversion for the reaction sequencewas

as high as 93% (in reactors with r1 �2-mm cores and

1.8-mm-wide shells, Table 2). At the same time, no 4-

methoxyethylbenzene byproducts were observed. Also, con-

trol experiments with PDMSpieces doped uniformly with both

types of NP or with separate pieces containing PdNPs and

AuNPs, respectively, always gave a mixture of triethyl(2-(4-

methoxyphenyl) ethyl)-silane, triethyl(1-(4-methoxyphenyl)

ethyl)-silane, and byproduct 4-methoxyethyl-benzene, typi-

cally in a 14:6:80 molar ratio.
small 2010, 6, No. 7, 857–863 � 2010 Wiley-VCH Verlag Gmb
While theyields for a singleuseofboth typesof reactorwere

high, the degree of conversion decreasedmarkedly when these

reactors were used multiple times (entries marked Run 1b, 2b,

and 3b in Tables 1 and 2). In the case of the PdNP/Cu(OAc)2
system this was likely due to the ‘‘leaking’’/diffusion of

Cu(OAc)2 out of the PDMS matrix. In the case of AuNPs,

repeated swelling of the PDMS with toluene caused NP

aggregation (evidenced by the color shift from red to violet[26])

and decrease in the effective surface area of the catalytic NPs.

The parameters that control the yield of reaction sequence

include concentration of catalysts occluded in PDMS, diffusiv-

ities of the various species through PDMS, and the dimensions

of the reactor’s core and shell. The concentrationsweusedwere

chosen suchas to load themaximal amountsof catalyst particles

in PDMS while preventing – or at least minimizing – their

clumping into large aggregates (this was monitored by optical

microscopy or, for AuNPs, by UV/Vis spectra in which

unaggregated NPs had an surface plasmon resonance (SPR)

adsorption peak near 520 nm). The diffusivities are determined

by theporosityof thePDMSmatrix andthe sizesof thediffusing

species. For small molecules, the typical diffusion coefficients

are D� 10�11–10�10m2 s�1 depending on whether PDMS is

swollen by the solvent or not.[27] For larger NPs, the diffusion

coefficients are negligibly small.[28]

The diameter of the core and the thickness of the shell offer

most room for adjustment. Intuitively, for a given core size, the

thicker the shell, the more complete the first of the two

reactions,R1, should be and the less unreacted substrate should

reach the core to undergo reaction R2 therein. In other words,

the thicker the shell, the higher the ratio of desired product (via

the {R1,R2} sequence) compared to the byproduct (via the {R2,

R1} sequence). Of course, this increased ‘‘selectivity’’ is at the

expense of the time required for the {R1, R2} conversion, since

diffusion through thicker shell takes more time (for very thick
H & Co. KGaA, Weinheim www.small-journal.com 859
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Figure 2. The composition of the reactionmixture in the PdNP/Cu(OAc)2
system as a function of time and for different reactor dimensions. Color

coding: green¼phenylacetylene reactant; blue¼ 1,4-

diphenylbutadiyne intermediate; red¼ the desired 1,4-diphenylbutane

product, and brown¼phenylethane byproduct. Markers represent

experimentaldatadeterminedby1HNMRanalysisof the reactionmixture

(see Supporting Information, Section 3). Error bars are based on the

analysis of at least three samples for each condition. Solid lines are the

predictionsof the reaction-diffusion theoreticalmodel. For (a–c) the core

diameter is 4mmbut the shell thickness increases from0.8mm in (a), to

1.1mm in (b), to 1.5mm in (c). Note that for the thinnest shell (0.8mm),

the sequence goes to completion the fastest but there is a substantial

amount of byproduct (brown line; also see data in Table 1). For thicker

shells, the reactions reach steady state at longer times but there is less

unwanted product. c,d) Compare the effects of changing core diameter

(4mm in (c) versus 3mm in (d)) while keeping the shell thickness the

same. For the smaller core, it takes longer for the reaction sequence to

reach completion. This is emphasized in the inset that overlays curves

from (c) (dashed lines) and those from (d) (solid lines). Other parameters

used in experiments and simulations: [A]0¼ 25mM and Vsol¼ 18mL for

shell thickness St¼1.5mm; [A]0¼ 33mM and Vsol¼ 15mL for

St¼1.1mm; [A]0¼ 33mM and Vsol¼ 10mL for St¼ 0.8mm. Raw

experimentaldata forplots (a–d)aregiven in theSupporting Information,

Section 4.

860
shells, the first reaction,R1, will be complete but very little of its

product will reach the core). The experimental data (by 1H

NMR, see Supporting Information, Section 3) in Tables 1 and 2

and inFigure2a–cconfirmbothof theseconclusions.Regarding

the dimensions of the core, it is reasonable to expect that for a

given shell thickness, the smaller this core is, the less time the

diffusing chemicals have to complete reaction R2 therein and

the lower the yield of the {R1,R2} sequence is at a given reaction

time.Again, these trends are confirmedbyexperimental data in

Tables 1 and 2 and also by the plots in Figure 2c and d.
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
The above qualitative reasoning can be quantified by a

model accounting for both the reaction and the diffusion

(RD)[29] of the species involved through the core/shell reactors.

This model gives not only the steady-state concentrations at

long times (cf. Tables 1 and 2) but also the timecourse of the

reactions (Figure 2). Let us consider PdNP/Cu(OAc)2 system.

To simplify calculus, the reactor is approximated as a sphere

(core radius r1, overall radius r2, shell thickness St¼ r2–r1).

Denoting the starting phenylacetylene as A, the 1,4-diphenyl-

butadiyne intermediate as B, the desired product 1,4-

diphenylbutane asC, and the undesired products phenylethane

asD (cf. Figure 1c), the pertinent reactions and rate constants

are 2A �!
k1

B �!k2 C and A �!k3 D. The RD equations can then

be written as:

@½A�
@t

¼ DAr2½A� � k1½A�2HS � k3½A�HC (1)

@ B½ � 2 2
@t
¼ DBr B½ � þ k1 A½ � HS � k2 B½ �HC (2)

@ C½ � 2
@t
¼ DCr C½ � þ k2 B½ �HC (3)

@ D½ � 2
@t
¼ DDr D½ � þ k3 A½ �HC (4)

where square brackets denote concentrations and Dx is the

diffusion coefficient of species x¼A, B, C, or D. Note that

because hydrogen is present in excess and its diffusivity

through PDMS is�10�8m2 s�1 (roughly two to three orders of

magnitude larger than of other solute species present[21]), its

partial pressure can be treated as constant and can be

effectively incorporated into the apparent rate constant k2 in

Equations (2) and (3). In the reaction terms, functionsHS and

HC specify that these reactions take place in the shell and the

core regions, respectively. Mathematically, HS¼H(r–r1) and

HC¼H(r)–H(r–r1), whereH(z) is the Heaviside step function

(H(z)¼ 0 for z< 0, H(z)¼ 1 for z� 0). At the surface of the

cubes, r¼ r2, the diffusive flux of species x across this surface is

equal to the change in the concentration of x in solution

around the reactor:

�DxS
@½x�
@r

�
�
�
�
S

¼ @½x�sol
@t

Vsol (5)

where S is the surface area of the reactor and Vsol is the volume

of the solution per one reactor particle. The initial conditions

are such thatA is present outside of the cubes at some uniform

concentration [A]0 while [B]0¼ [C]0¼ [D]0¼ 0. The other

model parameters are diffusion coefficients DA�DB�
DC�DD� 2� 10�11m2 s�1 for small molecules in PDMS

swollen only marginally by the acetonitrile solvent[26a] and rate

constants k1¼ 0.18 s�1M�1, k2� k3¼ 0.072 s�1 (see Supporting

Information, Section 1 for more details). With these pre-

liminaries, the equations can be solved numerically using finite

difference method, implemented in Matlab R2007b.

Solid lines in Figure 2a–d plot themodeled compositions of

the reaction mixture at different times and for different core/
bH & Co. KGaA, Weinheim small 2010, 6, No. 7, 857–863
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Figure 3. Theeffect of a) shell thicknessandb) corediameteron thefinal

(at 250h) distribution of various species in the alkyne coupling/

hydrogenationsequencecatalyzedbyPdNP/Cu(OAc)2reactors.c,d)Plots

of the selectivity of desired product against byproduct (as defined in the

text)withshell thicknessandcorediameter, respectively.Grayportionsof

the curves indicate the close-to-optimal dimensions for the shell and

core. In (a), core diameter is kept constant at 4mm, as in most

experiments. The optimal shell thickness (i.e., one for which the desired

1,4-diphenylbutane tosidephenylethaneproducts ismaximal) isaround

1mm,asshown in (c) (comparewith Table1). In (b), theshell thickness is

kept constant at1.5mm,and theoptimal corediameter asshown in (d) is

above3.5mm, as in experiments. Thearrows indicate conditions used in

experiments.e–h)Similarplots for thePdNP/AuNPreactorsat23 h. In (e),

corediameter iskeptconstantat4mm,andtheoptimalshell thickness in

(g) isaround1.5mm. In (f), shell thickness iskeptconstantat1.8mmand

the optimal shell thickness is above �4.5mm.

small 2010, 6, No. 7, 857–863 � 2010 Wiley-VCH Verlag Gmb
shell dimensions. Thesemodeled dependencies agreewell with

the experimental data indicated by solid markers. It is worth

emphasizing that this agreement is achievedwith no free/fitting

parameters but only physical quantities determined experi-

mentally (see also Supporting Information, Section 1). Of

course, the modeled dependencies confirm the experimental

trends discussed earlier (better selectivity but slower conver-

sion for thicker shells; higher degree of conversion with larger

cores).

Another significant conclusion from themodel is that it can

be used to estimate the ‘‘optimal’’ core diameters and/or shell

thicknesses for which the selectivity (here, ratio of the desired

products to byproducts, normalized to 1) is maximal. This is

illustrated in Figure 3 where the gray portions in the selectivity

plots indicate the core diameters maximizing the selectivity,

and shell thicknesses for which selectivities are above 0.9. The

arrows in the corresponding concentration plots indicate

the actual dimensions in our experiments – as can be seen,

the reactorswe used haddimensions close to the optimal values

predicted theoretically.

Finally, we note that the model is applicable to both the

PdNP/Cu(OAc)2 and PdNP/AuNP systems. In the latter case,

the RD equations have to be modified to account for the fact

that the reactions in the shell involve both 4-methoxypheny-

lacetylene and Et3SiH. With appropriate values of diffusion

and rate constants (for details see Supporting Information,

Section 2), themodel reproduces the experimental distribution

of intermediates and products (Table 2).

3. Conclusions

In summary, we have demonstrated control of sequential

reactions with core/shell catalytic reactors. The principle of

compartmentalization underlying this work appears general

and can be extended to other types of sequential-reaction

systems, in which reaction centers are spatially disjoint but are

‘‘coupled’’ by the transport of chemicals involved. Reaction-

diffusion modeling provides an accurate mathematical tool

with which to study and design such systems. The practical

problem to be solved is the decrease of catalytic activity when

reactors due to the leaking or aggregation of the catalysts when

the reactors are reused multiple times; these problems could

potentially be avoided either by the use of supporting matrices

that limit diffusion (e.g.,mesoporous aerogels of zeolites forNP

catalysts) or by covalent immobilization of the catalysts on the

polymer matrix.
4. Experimental Section

Synthesis of Pd Nanoparticles: i) 2-nm Pd NP seeds: 0.1mmol

palladium acetate, Pd(OAc)2, was dissolved by sonication

(�10min) in a toluene solution (13.4mL) of DDA (2.1mmol) and

dodecyldimethylammonium bromide (DDAB, 1.1mmol). In a

separate vial, a solution of tetrabutylammonium borohydride

(TBAB, 0.7mmol), DDAB (0.2mmol), and toluene (4.9mL) was

prepared by sonication. The two solutions were mixed and stirred
H & Co. KGaA, Weinheim www.small-journal.com 861



full papers B. A. Grzybowski et al.

862
overnight at room temperature to generate 2-nm Pd NP seeds.

ii) 5 nm Pd NPs: Pd(OAc)2 (0.5mmol) was dissolved by sonication

in a toluene solution (67mL) of DDA (10.7mmol), and DDAB

(5.3mmol). To this solution the seed solution described above

was added. In a separate vial, a solution of DDAB (2.1mmol) and

toluene (21mL) in anhydrous hydrazine (4.2mmol) was prepared

by sonication. The hydrazine solution was added dropwise (over

�30min) to the palladium solution and then stirred at room

temperature overnight to generate �5-nm Pd NPs.

Reactor fabrication: Pd NPs were precipitated from toluene by

the addition of methanol and were then redispersed in hexane.

PdNP/hexane solution was mixed into PDMS (Sylgard 184, Dow

Chemicals) prepolymer and crosslinker, followed by degassing and

curing in an oven at 70 8C overnight. After curing, the PDMS was cut

into blocks of dimensions�4�4�4mm3. The PdNP-containing

PDMS cubes were immersed into a mixture of PDMS prepolymer,

crosslinker, and Cu(OAc)2 dissolved in THF (or AuNPs in dichloro-

methane). This mixture was then degassed and cured in an oven at

70 8C overnight. Afterwards, the PDMS slab was cut (using a

homemade precision cutter) around the immersed PdNP cores to

give approximately cubic core/shell reactors (see Figure 1d).

Sequential alkyne coupling-hydrogenation reactions: The

PDMS reactors comprised a core containing PdNPs (�4.8mM by

Pd atoms) and a shell containing Cu(OAc)2 (�53mM). Such

reactors (typically �50) were placed in a flask containing

phyenylacetylene substrate in CH3CN (the specific concentrations

differ for reactors of different dimensions and are given in the

main text), followed by stirring at room temperature and under

hydrogen atmosphere for up to 10 days. Every 12–24 h a small

aliquot of the reaction mixture was withdrawn using a syringe and

analyzed by 400MHz 1H NMR (in CDCl3). When the distribution of

products reached steady state, the reactors were removed, the

solvent was evaporated, and the products were purified by

column chromatography (silica, hexane). The spectra were i) for

1,4-diphenylbutadiyne, 1H NMR (400MHz, CDCl3, d): 7.56 (d, 2H),

7.38 (m, 3H); 13C NMR (400MHz, CDCl3, d): 132.7, 129.4, 128.6,

122.1, 81.8, 74.2., ii) for 1,4-diphenylbutane, 1H NMR (400MHz,

CDCl3, d): 7.22 (d, 2H), 7.14 (m, 3H), 2.6 (t, 2H), 1.63 (t, 2H); 13C

NMR (400MHz, CDCl3, d): 128.6, 128.5, 125.9, 31.8, 22.9.

Sequential hydrosilylation–hydrogenation reactions: In a

typical procedure, the core of the PDMS reactors was loaded with

PdNPs (�4.8mM by Pd atoms) and the shell with AuNPs (�3.5mM

by Au atoms). A flask containing �50–120 PdNP/AuNP core/shell

cubes was dried by gas flame and cooled under Ar. To this dry

flask was added 40mL of dry toluene, followed by the addition of

0.3mmol 4-methoxyphenylacetylene and 0.45mmol of triethylsi-

lane. The reaction mixture was heated to 75 8C under hydrogen

atmosphere for up to 23 hours. Upon completion, the solution

was drawn out by syringe and the reactors were washed with

3�30mL CH2Cl2. The crude products were obtained by combining

all organic solution and evaporating solvent under vacuum. The

products containing two isomers (triethyl(2-(4-methoxyphenyl)-

ethyl)-silane and triethyl(1-(4-methoxyphenyl)ethyl)-silane in a

�5:2 molar ratio) were purified by column chromatography (silica,

10% dichloromethane in hexane). Spectral characterization

triethyl(2-(4-methoxyphenyl)ethyl)-silane, 1H NMR (400MHz,

CDCl3, d): 7.08 (d, 2H), 6.79 (d, 2H), 3.76 (s, 3H), 2.53 (m, 2H),

0.90 (t, 9H), 0.83 (m, 2H), 0.52 (q, 6H); 13C NMR (400MHz, CDCl3,
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
d): 128.7, 113.9, 55.5, 29.3, 14.0, 7.7, 3.4. Triethyl(1-(4-

methoxyphenyl)ethyl)-silane, 1H NMR (400MHz, CDCl3, d): 6.95

(d, 2H), 6.76 (d, 2H), 2.21 (q, 1H), 1.31 (d, 3H), 0.80 (m, 9H), 0.46

(q, 6H). 13C NMR (400MHz, CDCl3, d): 128.0, 113.7, 55.5, 25.8,

15.9, 7.7, 2.2.
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