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Pot-in-pot reactions: A simple and green approach to 

efficient organic synthesis† 

M. B. J. Atkinson,d S. Oyola-Reynoso,a R. E. Luna,b D. K. Bwambok,c and M. M. 
Thuoa*   

Incompatible organic reactions impede efficient green synthesis by making multi-component or 

cascade reactions a big challenge. This review highlights pot-in-pot reactions (multiple reactions 

carried out in one pot by separating key reactions with a thin polymeric membrane) as an 

efficient, green synthetic alternative to conventional synthesis. We discuss the advantages of 

homogeneous processes to develop new cascade reaction sequences by reviewing the use of  

polymeric thimbles as selective semi-permeable walls. These thimbles allow small organic 

molecules to diffuse through while retaining polar reagents, polar solvents, and/or 

organometallic catalysts. The dynamic and versatile nature of this technique is demonstrated by 

performing 2- and 3-step cascade reactions in one glass pot. Pot-in-pot reactions approach to 

synthesis circumvents the need to isolate intermediates, or handling of toxic/unpleasant by-

products, therefore enabling synthesis of otherwise challenging molecules, improving the 

efficiency, or enabling greener approaches to modular synthesis .  

1. Introduction 

The ability to perform sequential/tandem reactions provides 

significant benefits to the chemical world.1-10 Nature is a constant 

source of inspiration in chemical synthesis due to of its ability to 

perform extremely specific reactions with superb efficiency. For 

example, by isolating enzymes within individual organelles, the 

design of the cell allows for reactions to be compartmentalized, 

which eliminates potential catalyst poisoning, cross-reactivity, 

and/or any other types of inter-reaction interferences. While 

chemists do not have the requisite millions of years that it has 

taken nature to develop these efficient reactions, they use it as an 

inspiration to develop new methods for efficient and resource-

sparing synthesis.11-31 Developments in this area are extremely 

belated considering the growth of the chemical industry — 

particularly in the synthesis of pharmaceutical compounds where 

25-100kg of waste is generated on average for every 1kg of 

active pharmaceutical product.32 Waste management in the 

chemical industry is also a pressing issue.  In 2005, for example, 

the U.S. Environmental Protection Agency reported that 25.1 

billion pounds of production related chemical waste was 

generated in the United States and only 8.96 billion pounds 

(36%) of that waste was recycled.33 More recently, in 2012, a 

comparable proportion (35% of 23.5 billion pounds) was 

recycled.34 Development of new efficient and recycling 

technologies is vital to decreasing this waste and the negative 

impact of chemical synthesis on the environment. An alternative 

to waste management is the application of the 12 principles of 

green chemistry and/or engineer which would mitigate resource 

wastage, lower carbon footprint, while improving reaction 

efficiency. 

 Current tools to achieve such a goal are limited by reagents 

and/or catalysts’ compatibility. Recent advances in site-isolation 

of catalysts have provided few platforms geared towards this 

end.35-57 Notably, catalysts and reagents can be site-isolated from 

each other by microencapsulation, covalent attachment to a 

macromolecular ensemble or crystals, occlusion in an organic or 

inorganic matrix, entrapment in a coordination polymer or a 

single crystal assembly, and sometimes by heterogenization.6, 58-

78 Whereas each of these techniques offers a new arsenal to the 

organic chemist, most methods require chemical transformation 

of the catalyst. The materials used for site isolation may also be 

limited in their lifetime offering only temporal protection. Some 

techniques require a change in the reaction medium, thereby 

losing the benefits of already mature homogeneous catalyst 

and/or reagent.  

 In order to develop an efficient method for site isolation of 

catalysts and reagents, it is necessary to use a process that allows 

one-way selective flux – uni-direction transport of reaction 

products. Thermodynamic considerations, however, limit the 

existence of such a spontaneous system. A chemical potential 

driven molecular machine can, however, be conceptualized. This 
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review summarizes such a system using thin polymeric 

membranes in the shape of thimbles that were used in “pot-in-

pot” reaction sequences. 

1.1 “Pot-in-pot reactions” as a method for site isolation  

 “Pot-in-pot reactions” is a term coined to describe a method 

of site-isolating catalysts and/or reagent(s) using a semi-

permeable thimble(s) (pot 1) inside a glass flask or a second 

semi-permeable membrane (pot 2) as illustrated in Figure 1. 

These pots need to be independently accessible without 

necessarily interfering with the progress of the reaction(s) to 

allow for real-time independent monitoring or reaction progress 

– otherwise, the system is no longer a ‘pot-in-pot’. In these 

reactions, one catalyst/reagent is kept dissolved inside a 

polymeric thimble using a non-permeating solvent(s) while 

small organic molecules flux across the polymeric walls and can 

be converted to another molecule(s) on the exterior of the 

thimbles.  Several materials can be employed as semi-permeable 

membranes such as a demonstrated here and in the “tea-bag” 

approach. 79, 80 Appropriate materials include ceramics, 

cellulose, and polymeric films.79, 80  Pot-in-pot reactions make 

use of polydimethylsiloxane because it is easy to fabricate into 

various shapes and sizes without affecting its flux selectivity. 

Polydimethylsiloxane (PDMS) and similar polymers exhibits 

high flux rates for small molecules and have previously been 

used in separating small organic molecules.25, 81, 82 By making 

the reaction vessel, i.e. the ‘pot’, from an active membrane, the 

diversity of solvents that can be used without interfering with 

downstream reactions in a cascade reaction sequence is greatly 

increased. 

Figure 1: Schematic illustrations of; a) a generalized pot-in-pot reaction set-up, 

and, b) rationalization of the application of thin polymer films as a active 

separation membranes based on flux of small molecules across them. Felicitious 

choice of solvents makes the flux uni-directional due to asymetry in partition 

coefficients and differences in diffusion constant(s).  

 Pot-in-pot reactions offer several advantages that make them 

appealing as a general reaction strategy. These advantages 

include; i) enabling chemists to assess the progress of the 

reaction without interfering with, or stopping, the reaction for 

analysis – in multi-component and other cascade reactions, it is 

impossible to analyse a single reaction independently since 

involved steps are not truncated. ii) Availability of ‘knobs’ 

(tuneable variables) for each reaction that are accessible through 

pot-in-pot, these include; running reactions under different 

reaction conditions (temperature, pressure, concentrations), use 

of different solvents, additives and reaction times per reaction. 

These flexibilities, albeit subtle in conventional reaction design, 

translates to increased capabilities in terms of yield, efficiency 

and adaptability. iii) Pot-in-pot reactions allow for the addition 

of reagents to the reaction as well as removal of product or 

samples at any given time. iv) Pot-in-pot reactions circumvent 

the need to isolate the product between each step, which reduces 

waste while increasing efficiency – making this a green 

alternative to conventional synthesis. v) Manipulation of the 

permeability of the polymeric thimbles (inner pot) also allows 

for the flux of different sizes of molecules so that the products of 

the first reaction become the substrate (reagent) of the next 

reaction outside the thimble, but still within the same glass flask 

(outer pot).  vi) Since the catalyst is kept dissolved at all times, 

it remains active and can be re-used over prolonged periods of 

time. The use of a relatively larger amount of solvent on the 

exterior of the thimble ensures that the concentration of the target 

molecule is always lower on the exterior hence favouring one-

way flux of the diffusant. A second catalyst or reagent can then 

be introduced on the outside of the thimble to allow for a second 

chemical transformation. This sequence can potentially continue 

Ad infinum.  

In this review, we illustrate the usefulness of these reactions 

by showing site isolation of; i) a reagent from a reagent, ii) 

catalyst from a reagent, iii) catalyst from a catalyst, and, iv) 

recycling over many reaction cycles. We end the review by 

showing one-pot synthesis of molecules that have been 

documented to be otherwise challenging. For brevity, the last 

section illustrates the utility of pot-in-pot reactions by taking two 

known molecules and synthesizing them in better yield, less 

wastage, and, higher efficiency. This article concludes with an 

overview/discussion of why the reactions are successful and the 

rationale behind their success.  

1.2 Polydimethylsiloxane (PDMS) as a suitable material for 

efficient site-isolation of reagents and catalysts 

 Polymers have found a variety of applications in site-

isolation, providing avenues for both covalent and non-covalent 

attachment of catalysts or ligands to a support.65, 66, 83-96 65, 66, 85, 

87, 89-91, 94, 95, 97, 98  While these polymer-based methods offer 

distinct advantages, none of them has previously site-isolated an 

entire reaction process, while granting access to the reaction as it 
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progresses.  Site-isolation using polymeric materials can thus be 

classified into two categories: i) Bulk dominated (Diffusion 

coefficient, KD, is the selectivity determining factor): diffusion-

controlled processes in which one or more components diffuse 

through the polymer more rapidly making the polymer an 

“active” membrane. This process is sensitive to size and 

functional groups on the molecules. ii) Surface dominated 

(Partition coefficient, KP, is the selectivity determining factor): 

Partition controlled processes in which solubility of components, 

in the immediate solvent vs in the polymer, is the critical step in 

site-isolation. In these types of processes, interface properties of 

the polymer are essential to site-isolation. Enhanced selectivity 

requires a set of molecules that are soluble in the polymer 

membrane and a second set which are not soluble. A balance 

between KD and KP dominated processes would offer the best 

control of selective flux. 

 PDMS has been widely studied and its solid-state properties 

are well documented.99, 100 PDMS has been used to fabricate 

micro-fluidic devices, which can be molded into various shapes 

and/or structures.  It is cheap and readily available. PDMS is 

commercially available as a liquid, which can be readily cross-

linked to give a rubbery solid that is firm and tough enough to 

withstand the rigor of organic reactions (e.g. stirring and heat).  

 The rate of diffusion of small molecules across thin PDMS 

membranes has been extensively studied.101-103 Most small, non-

ionic molecules have diffusion rates within an order of 

magnitude of each other.  This diffusion is directly proportional 

to temperature but inversely proportional to the molecular weight 

of the small molecule. Therefore the bigger the molecule, the 

slower it will diffuse through a PDMS membrane. The rate of 

diffusion, however, can be increased by raising the temperature 

at which the separation is performed making temperature a 

tuneable variable in selective flux. This is further supported by 

the classical relation between the rate of diffusion and energy 

summarized below (Equation 1).  

𝐷 = 𝐷𝑜𝑒
−
𝐸
𝑅𝑇 

Where D is the diffusion constant, Do is the maximum diffusion 

coefficient at infinite temperature, E is the activation energy, R 

is the gas constant and T is the temperature. 

 Although diffusion gives a general idea as to how this 

approach may work, it does not allow us to fully rationalize what 

might happen without understanding flux of various molecules 

in PDMS. A more complete picture of what might be anticipated 

would require an integration of Fick’s laws, the Stokes-Einstein 

relation, and related mass transport laws, a discussion beyond the 

scope of this review. Understanding flux, moles of a substrate 

flowing through a defined area of material per unit time, would 

allow for prediction of how well the isolated catalyst may be 

slowed relative to a small molecule. The relationship between 

flux, rate of diffusion and solubility is complicated by the limited 

amount of data available on the diffusion properties of 

organometallic compounds in polymeric materials. This 

relationship is affected by molecular geometries, polarity and 

electronic effects.93, 104-109 A simple way to relate these three vital 

properties is to generalize flux as a product of solubility and rate 

of diffusion (analogous to when the diffusant is a gas, P = D·S, 

where P = permeability coefficient, D = diffusion coefficient, S 

= solubility coefficient). This simple rationalization has been 

employed by others to separate organic molecules, like pyridine, 

from water using PDMS.110-113  

 Although small non-ionic molecules may have high 

solubility in PDMS, they may be challenging to use since they 

also swell the material.103 This can be a challenge in separation 

science, but careful use of this property may help reduce time 

needed for reactants to flux for the subsequent reaction down a 

cascade. Once the PDMS is swollen, the flux of small molecules 

through it is much higher.29, 103  

 A procedure to fabricate cylindrical containers from PDMS 

with even walls in a quick and reproducible manner was desired. 

To achieve this, PDMS was cast from stainless steel rods (Figure 

2) by applying 2-3 coats of PDMS on a metal mold and allowing 

each coat to partially cure before applying the subsequent layer. 

Following this simple procedure, cylinders with wall thickness 

of 105 ± 22 μm were readily obtained.29 

Figure 2. PDMS thimbles next to a metal rod from which they were fabricated. A 

longitudinal and vertical view of two similar thimbles adjacent to a penny for 

comparison (left).  A schematic of the thimbles shows the dimensions (right). 

2 Pot-in-pot reactions 

 In this section, we discuss the development of pot-in-pot 

reactions by examining different categories of site-isolation, viz: 

i) isolation of reagents from other incompatible reagents or 

solvents (section 2.1), ii) catalyst site-isolation from solvents 

(section 2.2), iii) isolation of catalysts from incompatible 

reagents (section 2.3), iv) isolation of catalysts from other 

incompatible catalysts (section 2.4), and, v) catalyst recycling 

(section 2.5). 

2.1 Site-isolation of reagents from other reagents/solvents  

 When two immiscible solvents are placed in a container, a 

biphasic medium is formed (unless they are emulsified). In an 

analogous manner, when a polymeric membrane separates two 

immiscible solvents, one or both can flux into the polymer, but 

they cannot flux across the polymer film since the partition 

coefficient at the polymer membrane - solvent interface is too 

low for any significant flux to occur. On the other hand, if a 

solubilized compound in the first solvent is also soluble in the 

second solvent, this molecule would flux across the membrane. 
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This is the underlying principle behind reagent-reagent or 

solvent-solvent isolation in a pot-in-pot setup. Polymeric 

materials and thimbles are ideal for isolating strongly ionic 

reagents from each other. Two forms of these reactions have 

been used as a general model to illustrate the versatility of pot-

in-pot reactions in cases where the reagents and/or the solvents 

are incompatible.29 First, acid deprotection of a ketal, in an 

aqueous medium, is performed inside a thimble (Figure 3). Upon 

completion of the deprotection, and subsequent flux to the 

exterior of the thimble, the generated ketone is readily reduced 

to the corresponding alcohol using LiAlH4. The success of this 

reaction sequence depends on the choice of solvent used, with 

the best solvents being hexanes or a mixture of 

hexanes/dichloromethane. The use of non-polar solvents in the 

deprotection step means that a phase transfer agent, in this case 

sodium dodecyl sulphate (SDS), must be used for the 

deprotection reaction.28 

Figure 3.  An illiustration of a cascade reaction involving reagent-reagent site-

isolation using a PDMS thimble.  Deprotection of a ketal occurs in the interior of 

the thimble, followed by diffusion of the resultant ketone across the thimble wall 

to react with LiAlH4 in hexanes on the exterior.  Copyright © 2008 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.28  

 The site-isolation of nucleophilic reagents from acidic 

aqueous medium was achieved using a thin polymeric barrier and 

the two reactions gave >80 % isolated yields over the two steps. 

These cascade reactions cannot be achieved otherwise as the 

reaction media are highly incompatible. 28 

2.2 Site-isolation of catalysts from solvents 

Organometallic compounds, the basis of most homogenous 

catalysts, have low flux across polymeric membranes but flux 

well when the membranes are swollen with an appropriate 

solvent.29, 114 To design efficient methods for isolation of 

organometallic catalyst, the effect of various solvents on catalyst 

leaching were investigated (using Grubbs’ first generation 

catalyst).115  Whitesides and co-workers examined how PDMS 

swells when exposed to different solvents.103 Different solvent 

mixtures that would slightly swell PDMS, while fully dissolving 

Grubbs’ metathesis catalysts, were investigated. Ionic liquids 

were deemed most ideal for this study, since they do not partition 

into PDMS but readily dissolve a large variety of compounds and 

their physico-chemical properties can be tuned as needed. 

2.2.1 Ionic liquids as versatile solvents for site-isolation 

 Ionic liquids are organic salts that melt at or below 100°C.116-

118 Owing to their unique properties including low vapor 

pressure, non-flammability, thermal stability and recyclability, 

ionic liquids have received considerable attention as green, non-

volatile solvents in organic synthesis.119-122 Additionally, the 

ability to tune the properties of ionic liquids (e.g., solubility, 

polarity, melting point, viscosity, density) by varying the cation 

or anion allows one to obtain ionic liquids for specific tasks.121, 

123 As a result of these attractive properties, ionic liquids have 

the potential to be used as green, environmentally benign 

solvents to replace volatile and/or toxic organic solvents in 

synthesis.  

 Ionic liquids were chosen for site-isolation of the catalyst for 

four reasons: 1) They dissolve organometallic catalysts but they 

do not flux through PDMS;31, 114, 121, 124-126 therefore, a mixture 

of ionic liquids and medium polarity solvents was most 

appealing. 2) Ionic liquids do not poison many catalysts.127, 128 3) 

They can mitigate partitioning of a catalyst into the polymer 

membrane but promote partition of non-polar or medium-

polarity small molecules, i.e. products and reagents (due to their 

ionic nature). 4) They can be recycled with the catalyst.129-131 

 Table 1: Swelling ratios of PDMS under different solvents combinations 

based on the change in length and diameter of a polymeric rod.115 

 Having investigated the utility of ionic liquids for use as 

additional solvents for site-isolation, the following parameters 

were investigated: i) the degree of swelling, which can be 

controlled via careful choice of solvent(s) without affecting the 

reactivity of the catalyst. ii) Effect of the thickness of walls of 

the thimble which would affect flux. iii) The reaction conditions 

including the effect of different solvent mixtures, catalyst 

concentration, and temperature. Cylindrical PDMS rods were 

used to investigate the swelling. Changes in the length and 

diameter were measured (Table 1). As expected, the amount of 

swelling is proportional to the amount, and identity, of non-polar 

solvent added. A swelling ratio of <20% was deemed to be 

sufficient to significantly increase the flux of small organic 

molecules for use in pot-in-pot reactions.115 

Entry Solvent Swelling, S, (D/Do)a  

length diameter average Reportedb S 

1 3:1 CH2Cl2: 

[BMIM][PF6] 

1.15 1.14 1.14 - 

2 1:1 CH2Cl2: 

[BMIM][PF6] 

1.08 1.03 1.05 - 

3 3:1 THF: 

[BMIM][PF6] 

1.24 1.21 1.23 - 

4 CH2Cl2 1.18 1.21 1.20 1.22 

5 Pentane 1.35 1.28 1.32 1.44 

6 BMIM 1.00 1.00 1.00 - 

7 MEEc 1.04 1.05 1.04 - 

8 MeOH 1.00 1.02 1.01 1.02 

9 1:1 

MeOH:H2O 

1.00 1.02 1.00 - 

aThe Whitesides swelling ratio. bLee, J.N. et al 2003. cMethoxy ethyl ether 
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Based on the swelling ratios of various solvents (Table 1), 

olefin metathesis reaction was performed under different solvent 

mixtures, using the same solvent both on the interior and exterior 

of the thimble.115 The substrate was placed on the outside of the 

thimble and allowed to diffuse into the thimble, react and the 

product diffuses out (Figure 4). The conversion to the product 

was monitored only on the outside. At ambient temperature, no 

solvent was found to give satisfactory conversions of diethyl 

diallyl malonate to the ring closed product. Elevating the 

temperature to 45 °C gave slightly higher conversions but with 

the substrate being added on the exterior, 100% conversion was 

not achieved even after 18 h reaction times with the best solvent 

(1:1 CH2Cl2:[BMIM][PF6]). This observation can be understood 

from mass balance across the interface where the concentration 

of the reactant asymptotically decreases on the exterior of the 

thimble. Similarly, the concentration of the product follows a 

similar flux profile as its concentration increases on the inside. 

Figure 4. Schematic summary of a pot-in-pot reaction involving site-isolated 

Grubbs catalyst (G2) in the interior of the thimble. Solvent 1 and 2 may be the 

same or different solvents.  The substrate, diethyl diallylmalonate, is added on the 

exterior, and reacts with the Grubbs catalyst after diffusing to the interior. The 

product subsequently diffuses to the exterior.  Copyright © 2008 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim.29 

 When the substrate was added to the interior and the product 

allowed to flux out, 100% conversion to the product was 

achieved in a short reaction time. Despite slight loss of the 

catalyst to the exterior, the catalyst could be recycled over five 

cycles illustrating that a simple polymer membrane could 

drastically reduce waste and cost while improving efficiency in 

synthesis. Over short reaction times (<4 h), <5 % of the catalyst 

had been lost when 1:1 CH2Cl2:[BMIM][PF6] was used in both 

the interior and exterior. For longer reaction times (>8 h), a 

significant amount (10%) of catalyst had leached as determined 

by ICP-MS.115  This study demonstrates that relying on partition 

coefficients across the polymer membrane alone might be useful 

for fast reactions, but may not be ideal for cases where two 

catalysts or reagents are highly incompatible or for slow 

reactions. 

 To limit catalyst leaching, and achieve complete site-

isolation, the solvent on the exterior of the thimble was selected 

based on the insolubility of the catalyst in it. This criteria meant 

that the partition coefficient of catalyst to the exterior of the 

thimble was drastically reduced and therefore the leaching could 

be minimized. To test the strategy, ring closing olefin metathesis 

was performed as previously described and the amount of 

ruthenium metal leaching to the exterior of the thimble was 

monitored by ICP-MS (Figure 5). When a mixture of water and 

MeOH (1:1) was adopted on the exterior of the thimble, >99% 

of the catalyst was retained within the interior of the thimble.  

Figure 5:  Summary of ICP-MS data showing over 99.5 % retention of ruthenium 

using different solvents and our thimbles(triangles) but gradual leaching is 

observed (diamonds) when the same solvent is used on the interior and exterior 

of the thimble 

 Having developed a system in which the catalyst was fully 

contained inside the thimble, a series of olefin metathesis 

reactions were performed to test the new platform (Figure 6a). 

The substrate was added on the exterior of the thimble and 

allowed to diffuse into the interior to react with the catalyst, 

followed by product leaching back to the exterior. To improve 

solubility into the polar solvent, while also improving the rate of 

the reactions, the reactions were heated to 45 °C. Using the two 

solvents in pot-in-pot reactions, both olefin ring closing and 

cross metathesis reactions were performed with good yields 

albeit sometimes over extended reaction times —since it is a 

diffusion limited process (Figure 6b). What was most 

encouraging about this reaction set up was the almost perfect 

catalyst site-isolation. Figure 6c shows a picture of the reaction 

set up with the site-isolated catalyst after 16h. Although this 

solvent system showed high catalyst containment, there was no 

direct method to ascertain that the ruthenium metal identified by 

ICP-MS was the active catalyst or not.  

 Using a highly active metathesis substrate, diethyl diallyl 

malonate, a ring closing metathesis reaction was first performed 

to completion. A second equivalent of the substrate was added 

on the exterior and after thorough mixing; the ratio of the 

substrate to the product was checked. Then, half the solvent on 

the exterior was transferred into a clean flask and subjected to 

the same conditions as the remaining mixture in the pot-in-pot 

reaction (with the thimble). The newly split reactions were 

allowed to proceed independently for an additional 17h after the 

separation. These control experiments showed that the pot-in-pot 

reaction still contained an active catalyst as indicated by an 

increase in the amount of ring closed product. On the other hand, 

no increase in the product was observed for the portion of the 
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solution that was transferred into a new clean flask – without the 

thimble. 

Figure 6: Site-isolated metathesis reactions. a) Small molecules were added to the 

exterior of the thimbles and diffused into the thimbles to react with Grubbs’ 

catalyst (G2). b) Sample reactions and their corresponding yields. c) An picture of 

a PDMS thimble containing the Grubbs’ catalyst (coloured solution), sitting on top 

of a white stir bar, immersed in an incompatible solvent - 1/1 MeOH/H2O. 

2.3 Site-isolation of catalysts from reagents 

 Pot-in-pot was then extended to include a cascade reaction 

with the Grubbs’ second generation catalyst, on the interior, and 

m-chloroperoxybenzoic acid (MCPBA), on the exterior, (Figure 

7).29 These reagents react vigorously with each other such that 

both are rapidly poisoned. As a control experiment, diethyl 

diallyl malonate was treated with Grubbs’ second generation 

catalyst followed by MCPBA all in the same reaction vessel. 

This reaction failed to give the desired product due to 

decomposition of MCBPA by ruthenium despite a Ru:MCPBA 

ratio of 1:3,000.29 Thus, even a small amount of the Grubbs’ 

catalyst will significantly poison MCPBA.  

Figure 7: Cascade reactions with encapsulated Grubbs’ catalyst and MCPBA. a) 

Reagents were added to the interior of the PDMS thimbles to react by olefin 

metathesis, upon 100% conversion, MeOH and MCPBA to the exterior of the 

thimble. Grubbs’ catalysts remained encapsulated but the intermediates diffused 

from the interior of the thimbles. b) A summary of some overall reactions 

completed via this scheme, their yields and reaction times are shown.  Copyright 

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.29 

 A series of cascade reactions were then carried out with the 

CH2Cl2/[BMIM][PF6] on the interior, and MeOH/H2O on the 

exterior of the thimble (Figure 7). The product of the metathesis 

reaction diffused from the thimble and reacted with MCPBA in 

good yields (Figure 7). It is critical to note that these reactions 

would have failed without a PDMS thimble to site-isolate the 

Grubbs’ catalyst since we had a Ru to MCBPA ratio of 1 to 125.  

 Besides the examples given above, the pot-in-pot method has 

proven effective at site-isolating PdCl2 as well (Figure 8).27 

Because of its ionic nature, PdCl2 is not soluble in PDMS and 

will therefore not flux across the polymer membrane. The 

catalyst was shown to be > 99% site-isolated. The Pd catalyst 

was also incorporated in cascade reactions involving a Wacker-

Tsuji oxidation of a substrate on the interior of the thimble 

followed by the addition of a Grignard reagent to the exterior. 

Not only was it necessary to site-isolate the catalyst and reagent 

from each other, but the Wacker-Tsuji oxidation takes place in 

the presence of water, which would spontaneously quench the 

Grignard reagent with concomitant expedition of a large amount 

of energy. The Pd catalyst was recycled for the Wacker-Tsuji 

oxidation of styrene, and retained its activity through five cycles. 

The ability to efficiently site-isolate Pd catalysts has major 

consequences in materials synthesis where even trace amounts 

of the metal can lead to large losses of organic electronic 

materials. 

Figure 8: Schematic reaction showing Pd-catalyzed oxidation of alkene to ketone 

in the interior of the thimble.  Subsequent addition of hexanes followed by the 

addition of a Grignard reagent to the exterior upon completion of oxidation 

reaction affords the tertiary alcohol product.  Reprinted with permission from (J. 

Org. Chem., 2009, 74, 4834–4840). Copyright © 2009 American Chemical 

Society.27 

2.4 Catalyst-catalyst site-isolation 

 Organometallic Catalysts: To demonstrate that two 

incompatible organometallic catalysts could be site-isolated, a 

cascade sequence with Grubbs’ catalyst and the highly toxic and 

volatile OsO4-based dihydroxylation was demonstrated.132  

Application of pot-in-pot in this reaction sequence is vital on two 

fronts; i) it helps in handling (in situ generation, recycling, and 

precipitation after reaction is done) the toxic and volatile OsO4 

catalyst, and, ii) it minimizes personnel exposure to Os by-

product — a contributor to green matrix, especially in 

intermediate purification.  To circumvent the volatile and 

difficult to handle OsO4, the catalyst can was generated in situ 

with the in-built AD-mix recycling capability. The commercially 

available pre-catalyst (Sharpless asymmetric dihydroxylation 

catalysts), also requires reaction conditions that are incompatible 

with Grubbs’ metathesis catalysts. Sharpless dihydroxylation 
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utilizes the so-called AD-mix / which contains the Os pre-

catalyst, a ferrocyanide catalyst regenerator and the requisite 

chiral ligand. This chiral dihydroxylation is performed in a 

biphasic system containing a polar organic and aqueous layer, all 

mediums incompatible with the ruthenium carbene based 

Grubbs’ catalysts. To carry out these cascade reactions, Grubbs’ 

catalyst was used in a PDMS thimble while AD-mix was added 

to the exterior. Figure 9 shows several reactions with high yields 

and enantio-selectivity values that are similar to those obtained 

through conventional step-by-step synthesis and under optimized 

conditions for each catalyst. 

Figure 9: a) Site-isolation of two incompatible catalysts, - Grubbs’ catalyst and the 

Sharpless dihydroxylation catalyst using a PDMS membrane.  b) Metathesis 

reactions with catalyst dissolved in 1/1 (v/v) CH2Cl2/[BMIM][PF6] on the interior, 

and a solvent mixture of 1/1 (v/v) MeOH/H2O on the exterior of the thimble. 

 Organic Catalysts: In another study, organic acid and base 

catalysts, p-toluenesulfonic acid (PTSA) and 4-

dimethyaminopyridine (DMAP), in either their pure form or 

when covalently bound to polystyrene, were used in pot-in-pot 

reactions (Figure 10).30  This work was motivated by the ability 

of the pot-in-pot set-up to prevent acid and base catalysts from 

quenching each other while being used in the same reaction 

sequence.  Hawker and Fréchet had previously demonstrated that 

nanoparticles composed of star polymers with both acid- and 

base-catalytic residues could simultaneously provide catalysis 

for the substrate in the same reaction flask. This is made possible 

by incorporating sterics into the structure to prevent acid/base 

quenching. The Hawker-Fréchet, and other related systems, 

however, requires synthesis of the custom polymer platforms. 

The ability to use known affordable polymeric films circumvent 

the need to synthesize new polymers hence making these 

reactions green.  Besides the synthesis, polymer embedded 

catalysts can only be used in the same flask when the solvent(s) 

applied are compatible with each catalyst and/or reagent.  

 The use of a PDMS thimble to separate polymer-bound 

organic catalysts allows for simultaneous reactivity of the acid 

and base catalysts, thus eliminating the need to incorporate 

changes in the structure of the catalyst. Catalysts immobilized on 

polymeric beads are large and cannot partition into the PDMS 

even with swelling.  Figure 10 shows an example of the reactivity 

of an aldehyde using bound and unbound pTSA and DMAP.  It 

is important to note that while pTSA had insignificant flux 

through PDMS (owing to the ionic structure). DMAP and the 

aldehyde had considerable flux (0.057 mmol h-1 cm-2 and 0.013 

mmol h-1 cm-2, respectively).  The measurable flux of DMAP 

through PDMS prompted the use of polymer-bound DMAP, 

which had no measureable flux across the membrane.     

Figure 10: a) Experimental scheme showing acid (p-toluenesulfonic acid (PTSA)) 

and base (4-dimethyaminopyridine (DMAP)) catalyst. b) Molecules and polymer 

derivatives site-isolated between the PDMS membrane. b) Detailed reaction 

scheme showing the product of acid catalyzed reaction permeate between the 

PDMS membrane to the exterior where it becomes a reactant and undergoes 

base-catalyzed reaction.  Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim.82  

2.5 Recycling of catalysts from site-isolation 

 A key aspect to site-isolation is the possibility of recycling 

the catalyst (Figure 11).29 A pot-in-pot approach allows for the 

ease of recycling of a catalyst by merely removing the solvent on 

the exterior after the reaction is complete.  The conversions were 

quantitative and the yields were high over seven recycling steps. 

Measurement of the leakage of Ru to the exterior was found to 

be insignificant (<1 %) indicating that this approach could lead 

to significant reuse of the catalysts at very low cost. To further 

demonstrate the importance of this method, we recycled the 

Grubbs’ catalyst even as it was integrated into a cascade 

sequence with MCPBA. It is particularly noteworthy that high 

yields were obtained for these reactions even after several 

recycling steps. The metathesis-dihydroxylation sequence is 

used to illustrate that even under challenging conditions, the 

catalysts can be re-used (Figure 11). In all the cases discussed 

above, the catalysts were recycled in an analogous manner.26, 28, 

29, 31, 115  

2.6 Pot-in-pot reactions as an alternative to challenging reactions 

 Besides the ability to site-isolate solvents, reagents, or 

catalysts, pot-in-pot reactions can be used to circumvent tedious, 

inefficient or difficult to handle reaction schemes. To illustrate 

this point, we discuss a few examples viz; i) pot-in-pot 

conversion of alcohols to amides as alternative to the elegant, but 

expensive to make, Milstein’s catalysts, ii) pot-in-pot synthesis 

of cyclic sulfoxide (thiophene dioxide) as an alternative to a 
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tedious, multi-step and low yield synthesis, iii) pot-in-pot 

metathesis with amines, substrate that readily poison the Grubbs’ 

catalysts unless first converted to quaternary amines (Figure 12). 

Figure 11: a) Pot-in-pot approach to site-isolate two catalytic processes using a 

PDMS membrane for otherwise impossible cascade reactions.  Recycling of 

Grubbs’ catalyst followed by dihydroxylation using AD-mix-. The metathesis 

reaction is allowed to go to completion.  The product leached to the exterior of 

the thimble, then placed in a new flask and dihydroxylated. The Grubbs catalyst 

(G2) is recycled.   

 Figure 12a shows a scheme illustrating the ring-closing 

metathesis of dially mercaptan to give a volatile, pungent, and 

difficult to handle product. Purification of this product and 

subsequent isolation presents a major challenge in the synthesis 

of dihydroxy thiophene dioxide. Alternatives to this purification 

led to at least a 13 step synthesis with only 23% yield.133, 134 

Under pot-in-pot reactions, the same chiral compound was 

synthesized in a single day with >75% yield.26 To circumvent 

development of expensive, and often complex to synthesize 

catalysts – like the Milstein’s catalyst, a felicitous choice of 

reaction conditions under a pot-in-pot arrangement facilitates the 

realization of the same products as would be obtained with such 

catalysts. To illustrate this idea, a Mo’ Hansen oxidation 

followed by coupling of an amine to an acid leads to the synthesis 

of an amide from an alcohol (Figure 12b).80 An even simpler case 

is the synthesis of a dihydropyrollidine, via olefin metathesis of 

diallyl amine, by first protonation of an amine to mitigate 

chelation to a metathesis catalyst followed by oxidation of 

resultant olefin. Amines (1° and 2°) are incompatible with many 

organometallic catalysts due to their ability to chelate at the 

metal centre. Upon protonation, amine containing molecules can 

be subjected to olefin metathesis using Grubbs catalysts. 

Protonation, however, would limit their flux across polymers but 

this limitation can be overcome by in situ deprotonation to allow 

for rapid flux. This idea was demonstrated with good yields in a 

pot-in-pot reaction sequence where diallyl amine is protonated, 

cyclized via a Grubbs catalysts followed by deprotonation and 

subsequent flux to the exterior of the thimble where the 2,5-

dihydropyrolle is asymmetrically dihydroxylated using AD-mix 

(Figure 12c).28 

 

 

Figure 12: Application of pot-in-pot reactions as an alternative to tedious, 

inefficient, or challenging synthesis. a) Dihydroxy thiophene dioxide is produced 

by ring closing metathesis of diallyl sulfane followed by oxidation. The 

intermediate 2,5-dihydrothiophene is volatile, odorous, and difficult to purify. b) 

Conversion of an alcohol to an amide in a pot-in-pot reaction involving a Mo’ 

Hansen oxidation and acid amidation. c) Protonation of a diallyl amine allows its 

use in olefin metathesis, a subsequent deprotonation allowed the produced 2,3-

dihydropyrolle to flux across PDMS. Dihydroxylation gives a chiral cyclic 

dihydroxypyrrolidine..   

3. Conclusions 

This paper reviews progress in pot-in-pot reactions, a method to 

site-isolate homogeneous catalysts without altering their 

structures. This site-isolation allowed for the development of 

new cascade reaction sequences that are not possible with free 

catalysts in homogeneous settings. This method is efficient and 

convenient because it does not require change to the catalysts 

structure nor does it require development of new reaction media.  

Desirable properties of known catalysts are maintained while 

adding many of the benefits of using multi-phasic systems with 

concomitant increase in overall reaction efficiency. Since the 

pot-in-pot approach is a general method that uses concepts of 

diffusion through polymer membranes and solubility of catalysts 

rather than chemical transformations to modify and 

accommodate the catalyst structure, we believe that this 

approach will be applicable in diverse synthesis schemes and 

make an impact in how molecules are synthesized. Pot-in-pot 

approach is an efficient, low cost, and environmentally benign 

approach to chemical synthesis qualifying it as a green approach 

to organic synthesis. This method possesses advantages for green 

chemistry particularly the ability to recycle 

catalysts/reagents/solvents, efficiency in procedural and 

personnel resources, and, minimizes wastage of time and 

resources. Pot-in-pot reactions possess the potential to be 

expanded to include three, four, or more catalysts in one reaction 

vessel to carry out longer, multistep cascade sequences.   
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