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Chapter 6 

 

Waste-Free One-Pot Bio-Chemo-Catalyzed Allylic Amination 

 

Towards Integration of Bio- and Transition-Metal Catalysts 
 

 

Abstract 
 

The main objective of the research described in this chapter, is the design and exploration of 

a novel methodology comprising the integration of bio- and transition-metal catalyzed 

transformations. The general process involves the in situ activation of substrates with an 

enzyme-catalyzed reaction and a subsequent transition-metal catalyzed coupling reaction 

with the activated substrate. This route enables the recycling of an activator, that otherwise 

would be a significant part of the waste stream. To obtain fundamental insight into the 

chemistry involved in the integrated process, a system based on palladium and lipase 

catalysts was investigated, which aimed at the waste-free synthesis of allylic amines. Lipase 

is used as a biocatalyst to convert an allylic alcohol into the corresponding ester. This 

activated substrate is subsequently converted into the product by a palladium-catalyzed 

allylic amination. The acetic acid generated in the latter reaction is used as the acetate 

source in the lipase-catalyzed esterification, making the two catalytic cycles fully integrated. 

 

The optimized system converts a broad variety of substrates to the corresponding allyl 

amines in moderate to high yields. The reaction temperature, the solvent, the (bio-) catalyst 

and the drying agent all have a decisive influence on the outcome of the reaction. The 

reaction proceeds most efficiently in apolar solvents at elevated temperatures. Molecular 

sieves obscured the results, as it not only serves as a drying agent, but also plays an active 

role in the transformations. At first, most results pointed towards the successful integration of 

the enzymatic- and chemo-catalyzed reactions. More detailed research revealed that the 

reaction proceeds via an alternative route in which the released acetic acid is not used by the 

lipase, but serves as a co-catalyst for the palladium-catalyzed amination of allylic alcohols. 
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6.1   Introduction 
 

The current human population has an almost insatiable need for natural resources. As 

reserves are limited, it is essential to move to a more sustainable use of matter. This clearly 

defines challenges for chemists such as the development of catalytic systems performing 

reactions at 100% atom economy1,2. The development of cascade conversions is considered 

as an important step towards sustainable chemical production3. One of the advantages of 

these types of processes is that it results in a substantial reduction in solvent usage. Nature 

provides numerous examples of cascade processes, which generally comprise multi-step 

reactions carried out by well-organized arrays of enzymes4, 5. One-pot procedures that utilize 

several (transition-metal) catalysts are far less common, although in the last decade an 

increasing number of efficient systems have been developed3,6,7. Combining bio- and 

transition-metal catalyzed steps is a particular attractive route, because both the advantages 

of enzymes and organometallic catalysts can be utilized8. Several groups have combined 

enzymes and organometallic catalysts in dynamic kinetic resolutions (DKR) of various 

classes of substrates9. Scheme 1 shows an example, in which the combination of stereo-

selective esterification by lipase, combined with ruthenium-catalyzed racemization of the 

substrate, gives the product in high enantiomeric purity in nearly quantitative yield10. In 

comparison with the classical resolution technique, the cascade leads to an almost doubling 

of the yield. 
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Scheme 1: Ruthenium and lipase-catalyzed dynamic kinetic resolution. 

 

Generally transition-metal catalysts require activated substrates; only those that contain a 

suitable activation group, such as halogens, are converted into the desired product. This 

activation group is not incorporated in the final product, but ends up in the waste stream. 

Integrating (rather than cascading) multiple catalytic steps into a single process could in 

principle reduce the amount of activator required. Such a process should consist of an in situ 

activation of substrates with for example an enzymatic reaction, followed by a transition-

metal catalyzed coupling reaction with the activated substrate. As the two catalytic steps are 

integrated into one single process, in situ reuse of the activator becomes possible. The use 

of only catalytic amounts of the activator, and therefore waste-free transformations become 
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feasible. In this chapter we describe the results obtained using this approach for the 

synthesis of functionalized allyl amines. 

 

Allyl Amines   Allyl amines are important building blocks in organic chemistry11. The 

synthesis of these compounds receives considerable interest from both industry and 

academia. Transition-metal catalyzed allylations emerged as clean, powerful and versatile 

routes11,12. Generally palladium catalysts are superior in comparison with other transition-

metals with respect to activity and selectivity. Scheme 2 shows the general reaction 

mechanism for palladium-catalyzed allylic substitution. Oxidative addition of the substrate 

(vide infra) to a palladium(0) complex yields a π-allyl palladium(II) complex. Reaction of this 

complex with a nucleophile gives the product and regenerates the palladium(0) complex that 

can re-enter the catalytic cycle. Three different regio-isomers of the product can be formed; 

linear trans, linear cis and branched. The nature of the substrate, the nucleophile and the 

ligand that is coordinated to the metal all have a large influence on the regio-selectivity of the 

reaction12. Chiral ligands have been applied in the asymmetric synthesis of allyl amines13. 
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Scheme 2: General scheme of palladium-catalyzed allylic substitution. 

 

Allylic substitution reactions are often performed with allylic carbonates (LG = O2COR) and 

esters (LG = O2CR). As these activated substrates are usually prepared from the allylic 

alcohols, the preparation of the substrate leads to a considerable amount of waste. Route A 

(scheme 3) shows the waste generation in the activation of crotyl alcohol (crotyl = but-2-

enyl). Converting this into the crotyl acetate by reaction with acetyl chloride generates HCl, 

which is neutralized with triethylamine. Subsequently, during the allylic amination (route B) 

additional waste is generated, because the acetate group, which has been introduced to 

activate the alcohol, serves as the leaving group. The combined two-step synthesis results in 

undesirable large amounts of waste, the preparation of N,N-di-propyl-but-2-en-1-amine (R1 = 

R2 = C3H8) via this route, generates 1.9 kg of waste per kg of product. 



Chapter 6 
__________________________________________________________________________________________ 
 
 

 152 

OH

O

Cl
OAc

NEt3

HNEt3Cl

N
R1

R2

OAc

Pd R1

R2

NH2OAc+ 2 +NH

R1

R2

B

A +

 
 

Scheme 3: Waste (boxed) formed in the synthesis of allylic acetates and a subsequent 

palladium-catalyzed amination. 

 

The direct conversion of allylic alcohols would be highly satisfying from an atom economy 

point of view, since water will be the only waste formed14. Due to the poor leaving ability of 

the hydroxy-group, direct catalytic conversion of allylic alcohols is difficult15. Rather severe 

reaction conditions are needed to convert these substrates into the desired products. 

Moreover, the product is often only obtained in low yield as a result of side reactions that 

occur under these severe conditions. Several routes to convert allylic alcohols directly have 

been explored. Considerably progress has been made with the use of in situ activating 

agents16, like titanium17 or boron compounds18. These routes, nevertheless, still lead to 

considerable amounts of waste, as the activating agents need to be present in (sub)-

quantitative amounts. Recently Ozawa et al. reported an interesting route for the direct 

conversion of allylic alcohols, which requires a particular class of phosphorus bidentate 

ligands to stabilize palladium19,20. From an economical and practical point of view, the 

application of readily accessible and cheap (organometallic) catalysts would be highly 

desirable.  

 

Scheme 4 shows our proposal for waste-free allylic amination. The system is based on the 

integration of two catalyzed transformations. The substrate (allylic alcohol, 1) is converted 

into the corresponding allylic acetate (2) by an enzymatic reaction. The ester is subsequently 

converted into the amination product (4) by a palladium-catalyzed allylic amination. The last 

step produces acetic acid as a byproduct; this can act as the acetate source for the activation 

of the alcohol by the enzyme. Thus, the combination of bio- and chemo-catalysis enables the 

recycling of the ‘acetate’ and thereby results in a waste-free route21. 
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Scheme 4: Lipase and palladium based integrated system for the waste synthesis of 

allylic amines from allylic alcohols. 

 

Lipases   Lipases are the primary choice to catalyze the enzymatic part of the reaction22,23. 

They represent a class of trans-esterification enzymes with outstanding catalytic properties. 

Depending on the solvent system, they catalyze the ester formation from alcohols and acids, 

or the reverse reaction (the hydrolysis of esters) (A, scheme 5). In addition, they are 

excellent trans-esterification catalysts (B)24. 
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Scheme 5: Lipase-catalyzed hydrolysis, esterification and trans-esterification reactions. 

 

In nature, lipases have various functions in the degradation of food and fat. In biotechnology 

they are often applied as catalysts for the production of specialty chemicals, as a result of 

their extraordinary stability in non-aqueous environments; in general good activities and 

selectivities are found in a broad range of organic solvents25,26. Furthermore, lipases are 

stable at high reaction temperatures27, especially if immobilized on a support28. The solubility 

of the lipases in organic solvents can be enhanced, without compromising the activity or 

selectivity29. Many enzymes only accept specific substrates. Lipases, on the other hand, 

accept a wide range of substrates with diverse electronic and steric properties. Several 
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papers have reported high yield transformations with a broad variety of allylic alcohols or 

esters as substrates30,31,32,33. The increasing knowledge of the anatomy of the lipase binding 

site34 and the reaction mechanism opens the way to design enzymes (for specific substrates) 

using rational strategies35. To arrive at integrated bio- and chemo-catalyzed processes it is 

essential that the performance of the enzyme and the organometallic catalyst are not 

adversely affected by the presence of one another. Lipases are tolerant to several types of 

transition-metal catalysts9. More specifically, lipases and palladium complexes have been 

combined successfully in dynamic kinetic resolution of chiral amines36, allylic alcohols32a and 

allylic acetates32b. The knowledge gained in these cascade examples make lipase and 

palladium an ideal combination for an integrated system. The complexity of the catalytic 

system increases with the number of steps that are integrated and consequently, it becomes 

increasingly difficult to predict the outcome of the overall process. In addition, the overall 

process may be very sensitive to small changes in the conditions applied. 

 

 

6.2   Results and Discussion 
 

Initial reactions  –  pure ethyl acetate   The first goal in this investigation was the one-pot 

conversion of cinnamyl alcohol (1a, scheme 6, systematic name: 3-phenylprop-2-en-1-ol) to 

cinnamyl piperidine (4a) in the presence of lipase and palladium as catalysts. We started with 

ethyl acetate as both ‘acetate’ source and solvent and although under these conditions the 

acetate is not recycled, it is a good starting point for this study.  

 

Initial screening of the conditions involved variation of the temperature and catalysts. We 

found the coupling of 1a with piperidine (3a) to proceed efficiently and cleanly37 at elevated 

temperatures (T = 65 °C). The product 4a was obtained in almost quantitative yield with 

Novozyme 43538 and [(1,10-phenanthroline)Pd(II)(allyl)]Cl as bio- and chemo-catalyst, 

respectively. 
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Scheme 6: Cascade lipase/palladium-catalyzed esterification-amination of cinnamyl 

alcohol, EtOAc and piperidine. 
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Although the formation of cinnamyl acetate (2a) proceeds smoothly at 25 °C, no amine 

product formation is observed at this temperature. This is due to the low catalytic activity of 

the palladium catalyst under these conditions. Indeed, in separate experiments no coupling 

product between cinnamyl acetate and piperidine was observed after 2.5 hours at 25 °C, 

whereas at 65 °C the acetate was completely consumed. 

 

In order to obtain more insight in the process, the reaction progress was monitored with GC 

in time. In figure 1 the amounts of the substrate (1a), the intermediate acetate (2a) and the 

product (cinnamyl piperidine, 4a) are plotted versus the reaction time. The data clearly 

indicate the cascading nature of this system in pure ethyl acetate at 65 °C. The esterification 

proceeds at a considerable higher rate than the palladium-catalyzed amination, resulting in a 

gradual build up of cinnamyl acetate. After 60 minutes, the substrate is completely converted 

into 95% of the intermediate and 5% of the product. In the course of the reaction this 

intermediate is converted quantitatively by the palladium into the amine product. 
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Figure 1: Concentration of cinnamyl alcohol (black), the acetate (grey) and the product 

(bold) versus time in the cascade esterification-amination in pure ethyl acetate  at 65 °C. 

 

After this initial result we explored the use of catalytic amounts of acetate. The coupling 

between crotyl alcohol (1b) and piperidine (3a) was chosen as a model reaction (scheme 7). 

Based on initial experiments we used the following standard reaction conditions: Novozyme 

435 and [(dppf)Pd(II)(allyl)]Cl were applied as catalysts in hexanes at 65 °C with molecular 

sieves to abstract the formed water39. A systematic investigation in the different factors 

influencing the reaction is described below. It must be noted that under these conditions the 

obtained yields could be reproduced within a 10% limit only. 
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Scheme 7: Regio-selectivity in the palladium-/lipase-catalyzed synthesis of crotyl piperidine. 

 

Searching for a compatibility window   Bio- and organometallic catalysts generally require 

different reaction conditions, and if these catalysts are combined in a one-pot process, it is 

essential to find reaction conditions under which both catalysts perform at an acceptable 

level. In other words, it is important to find the compatibility window. We explored the use of 

catalytic amount of ethyl acetate in a range of solvents. The palladium-catalyzed allylic 

substitutions generally proceed efficiently at room temperature in organic solvents like THF 

or CH2Cl2. These conditions proved unsuitable for the one-pot process (entries 1-5, table 1). 

The use of apolar solvents at elevated temperatures (65 °C) was more successful (entries 6 

and 7). The highest yields were obtained in hexanes (63% after 12 hours). This can be 

explained by the higher esterification activity of lipases generally found in apolar organic 

solvents26b,40. 

 

Table 1: Screening of solvent and temperature in the one-pot conversion of 1b to 4b. 

Entry Solvent Temperature (°C) Yielda 

1 DCM 25 n.o. 

2 THF 25 n.o. 

3 THF 65 n.o. 

4 MeCN 65 n.o. 

5 Toluene 65    9b 

6 n-Bu2O 65 42 

7 Hexanes 65 63 

Conditions: 1b/3a/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg molecular 
sieves, total volume = 4 ml. aIn mol% based on 1b, after 12 hours. bAfter 24 hours. n.o. = not observed. dppf = 1,1’-
bis-(diphenylphosphino)ferrocene 

 

With hexanes as the solvent and a reaction temperature of 65 °C for 20 hours we found 4b in 

81% linear trans, 13% linear cis and 5% branched (scheme 7). The high selectivity for the 

linear trans product can be contributed to the relatively high reaction temperature applied. 

The same regio-selectivity was found in a control experiment using crotyl acetate and 2.2 

equivalents of piperidine under otherwise identical reaction conditions. Further optimization 
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of the process was performed using hexanes as the solvent by investigating the effect of the 

reaction temperature. The product is efficiently formed at 65 °C and 80 °C (entries 3 and 4, 

table 2) while at 55 °C a much lower yield is obtained (entry 2). At room temperature no 

product was observed (entry 1). 

 

Table 2: Influence of the temperature on the yield in the one-pot conversion of 1b to 4b. 

Entry Temperature (°C) Yielda 

1 25  0 

2 55  25b 

3 65 63 

4  80c 87 

Conditions: 1b/3a/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg molecular 
sieves, hexanes (4 ml). aIn mol% based on 1b, determined after 12 hours. bAfter 40 hours. cn-Heptane as solvent. 

 

The overall reaction is a condensation between an allylic alcohol and an amine, generating 

water as side-product (scheme 4). We investigated if the presence of various drying agents 

to remove the water from the reaction medium has an influence on the yield of the reaction 

(table 3). The use of molecular sieves (entry 3) resulted in significantly higher yields than the 

use of MgSO4 (entry 2) or in the absence of a drying agent (entry 1). During the course of the 

research we discovered the reason for the higher yields obtained with molecular sieves (vide 

infra). 

 

Table 3: Screening of drying agents in the one-pot lipase/palladium-catalyzed synthesis of 4b. 

Entry Drying agent Yielda 

1 X 44 

2 MgSO4 46 

3 Molecular sieves 63 

Conditions: 1b/3a/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg drying agent, 
hexanes (4 ml), 65 °C. aIn mol% based on 1b, after 12 hours. 

 

Next, we studied the efficiency of various types of lipase and palladium catalysts under the 

optimized reaction conditions (table 4). In the absence of palladium, no product formation 

was observed (entry 1). Palladium tertakis-triphenylphospine ([Pd(0)(PPh3)4]) turned out to 

provide slightly higher yields than [(dppf)Pd(II)(allyl)]Cl (entries 2 and 3). Yields in the range 

of 2-5% were obtained when all components except lipase were allowed to react (entry 4). 

The small amount of product observed, is explained by the direct amination of allylic alcohols 

by palladium. Similar yields were reported by Bricout et al. for the Pd/PPh3-catalyzed 

coupling between allyl alcohol and diethylamine at 80 °C41. 
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Table 4: Catalyst efficiency in the one-pot synthesis of 4b from 1b. 

Entry Palladium catalyst Lipase Yielda 

1 - Novozyme 435c n.o. 

2 [Pd(0)(PPh3)4]
b Novozyme 435c 76 

3 [(dppf)Pd(II)(allyl)]Clb Novozyme 435c 63 

4 [(dppf)Pd(II)(allyl)]Clb - trace 

5 [(dppf)Pd(II)(allyl)]Clb CALBd 85 

6 [(dppf)Pd(II)(allyl)]Clb Amano Lipase Me trace 

Conditions: 1b/3a/EtOAc/Pd 60/66/6/1, [1b] = 0.15 M, 300 mg molecular sieves, hexanes (4 ml), 65 C. aIn mol% 
based on 1b, after 12 hours. b[Pd] = 2.5 mM. c10 mg. d5 mg. eVarious amounts tested. n.o. = not observed. 

 

The reaction proceeds very efficiently with Novozyme 435 or CALB as esterification catalyst 

(entries 1 and 5, CALB = lipase B from Candida antartica). A direct comparison of the 

efficiency of the two enzymatic catalysts is not possible, as the enzyme loading on the resin 

is unknown for Novozyme 435. The 85% yield obtained with pure CALB corresponds to an 

average turnover frequency (TOF) of 280 mol product per mol lipase per hour. For the 

palladium catalyst and the activator (‘OAc’) the average TOF are respectively 4.9 and 0.7 

mol prod. (mol cat)-1 h-1. From a practical point of view, the resin-based Novozyme 435 

turned out to be more convenient and was used in the remaining experiments. The use of 

Amano Lipase M. (from Mucor javanicus) lead to only traces of the allylic amine (entry 6). We 

evaluated its trans-esterification capability in separate experiments under otherwise similar 

reaction conditions. It turned out that this lipase is, under the applied reaction conditions, 

unable to convert allylic alcohols to the corresponding allyl acetates using EtOAc as acetate 

source. 

 

To see whether we could increase the turn over number (TON) of the acetate, and thereby 

further reduce the amount of waste, we investigated the system with different amounts of 

EtOAc (table 5). In the experiment with 35 mol% ethyl acetate, an additional 25% of amine 

was added, to serve as a base for the acidic acid generated by the palladium-catalyzed 

amination. Surprisingly, the yield gradually decreases with increasing ‘acetate’ concentration 

(entries 1-5); 68% yield after 12 hours with 35 mol% EtOAc compared with 99% yield in the 

presence of 1 mol% EtOAc. Initially we contributed this to a strong solvent effect of the 

palladium-catalyzed step. The lipase activity should increase with increasing EtOAc 

concentration. The palladium-catalyzed reaction on the other hand could be inhibited by an 

increasing EtOAc concentration, thereby decreasing the overall progress of the reaction. 
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Table 5: Effect of the acetate concentration on the [Pd(0)(PPh3)4]/Novozyme 435-catalyzed 
synthesis of 4b. 

Entry EtOAca Yielda (4 hours) Yielda (12 hours) 

1 35 44 68 

2 10 39 76 

3   5 57 95 

4   1 84 99 

5   0 44 82 

Conditions: 1b/3a/Pd(Ph3)4 60/66/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg molecular sieves, 4 ml hexanes, 65 
°C. aIn mol% based on 1b. 

 

Surprisingly, in the absence of EtOAc the product was obtained after 12 hours in 82% yield. 

These results point to a background reaction that accounts for 50% of the observed activity. 

The data also point out that the system cannot be simply interpreted as a large background 

reaction plus an additional (catalyzed) reaction. For instance, in low concentrations the 

addition of ethyl acetate results in an increase of the yield; after 4 hours the addition of 1% 

EtOAc almost doubles the yield (44 versus 84%, entries 4 and 5). At higher concentrations 

the addition of ethyl acetate seems to decrease the yield (entries 1 and 2). These 

unexpected results raise questions that made it necessary to critically examine the nature of 

the observed transformation and design experiments to find the origin of the background 

activity. 

 

The effect of the molecular sieves   We systematically investigated the effect of various 

reactants and additives to find the origin of the background reaction. It turned out that 

molecular sieves in combination with palladium can efficiently catalyze the amination of allylic 

alcohols (entry 1, table 6). Several batches of fresh molecular sieves (both 3 Å and 4 Å) were 

used and these were, in combination with palladium, all equally effective in the amination of 

allylic alcohols. Note that in these experiments no EtOAc was present. Similar experiments 

conducted in the absence of molecular sieves or using MgSO4 did not result in any product 

formation (entries 2 and 3). 

 

Table 6: Effect of the drying agent on the yield of 4b, synthesized in the absence of EtOAc. 

Entry Drying agent Yielda 

1 Molecular sieves 82 

2 MgSO4 trace 

3 X trace 

Conditions: 1b/3a/Pd(Ph3)4 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg drying agent, 4 ml hexanes, 65 
°C. aIn mol% based on 1b, after 12 hours. 
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After finding the origin of the background reaction, the next goal was to understand the 

mechanism resulting in the molecular sieves induced activity. First molecular sieves were 

extracted under conditions resembling catalysis. The resulting mixture was used to perform 

the palladium-/lipase-catalyzed allylic amination of crotyl alcohol. As only 3% of product was 

observed after 24 hours, the presence of acids or esters liberated from the molecular sieves 

(by the lipase) could be discarded42. It was also studied if the molecular sieves acted as an 

activator for the allylic alcohols. Various (inorganic) compounds (containing P, Sn, Ti, B 

and/or As) can be extracted from the molecular sieves and can serve as homogeneous 

Lewis acid catalysts16,17,18. This does not explain the necessity of the presence of Novozyme 

435, as without the enzyme no activity was observed (table 4). To the best of our knowledge, 

there are no examples where lipase acts as a catalyst for the synthesis of inorganic esters. 

Secondly, these compounds should have been liberated during our extraction experiments. 

Washing the resin-based enzyme prior to use did not influence the result, indicating that the 

presence of compounds originating from the polymeric support of Novozyme 435 can be 

excluded. Moreover, pure CALB in combination with [Pd(0)(PPh3)4], molecular sieves and 0% 

EtOAc also resulted in the formation of the cascade product (78% yield after 24 hours). On 

the basis of the above described experiments we are not able to explain the mechanism that 

is operative and the origin of the unexpected activity therefore remains unclear. This clearly 

shows that it becomes increasingly more difficult to rationalize effects when the complexity of 

a catalytic system increases. The fact that palladium, lipase and molecular sieves all need to 

be present, prevented us from observing this activity when we checked for background 

reactions (table 4). Although the role of the molecular sieves is unclear, it does explain the 

low reproducibility in the yields observed. The approximately 10% variation in the amount of 

molecular sieves used, generated a similar variation in the observed yields. Indeed we found 

good reproducibility in the yields when equal amounts of molecular sieves were used.  

 

The use of MgSO4 as dehydration agent   We decided to continue to explore the potential 

of the integrated approach, but molecular sieves were no longer used as drying agents. 

Since the system also gave satisfactory results with MgSO4 (table 3), we continued our 

experiments with this as the drying agent. Foremost we checked if MgSO4 is innocent under 

the reaction conditions (table 7). Only trace amounts of product were observed when the 

amination of crotyl alcohol catalyzed by palladium and lipase, using MgSO4 as drying agent, 

was performed in the absence of acetate (entry 2). As can be seen from entries 2, 3 and 4, 

lipase, palladium and acetate all are essential for product formation. This indicates that this 

drying agent is innocent under the conditions applied. Moreover, considerable lower amounts 

of palladium black were observed when MgSO4 was used instead of molecular sieves.  
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Table 7: Innocence of MgSO4 in the palladium/lipase-catalyzed synthesis of crotyl piperidine. 

Entry Lipase Palladium catalyst Amount EtOAca Yielda,b 

1 Novozyme 435c [(dppf)Pd(II)(allyl)]Cld 10 77 

2 Novozyme 435c [(dppf)Pd(II)(allyl)]Cld   0 trace 

3 X [(dppf)Pd(II)(allyl)]Cld 10 trace 

4 Novozyme 435c X 10 trace 

Conditions: 1b/3a/Pd 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, hexanes (4 ml), 65 °C. 
aIn mol% based on 1b. bAfter 20 

hours. c10 mg. d[Pd] = 2.5 mM. 

 

Next, we investigated the efficiency of several catalysts under the new reaction conditions, 

showing that the use of [(dppf)Pd(II)(allyl)]Cl as amination catalyst, provided much higher 

yields than the use of [Pd(0)(PPh3)4] (entries 1 and 2, table 8). Note that the opposite trend 

was observed in the presence of molecular sieves as drying agent (table 4). The use of 

lipases from Amano PS and Candida cylindracea as esterification catalyst gave only trace 

amounts of the cascade product (entries 3 and 4). Additional experiments revealed that 

these lipases displayed no trans-esterification activity between ethyl acetate and crotyl 

alcohol under the reaction conditions applied. 

 

Table 8: Catalyst efficiency in the one-pot synthesis of 4b, using MgSO4 as drying agent. 

Entry Lipase Palladium catalysta Yieldb 

1 Novozyme 435c [(dppf)Pd(II)(allyl)]Cl 77 

2 Novozyme 435c [Pd(0)(PPh3)4] 29 

3 Amano PSc [(dppf)Pd(II)(allyl)]Cl trace 

4 Candida cylindracea
c [(dppf)Pd(II)(allyl)]Cl trace 

Conditions: 1b/3a/EtOAc/Pd 60/66/6/1, [1b] = 0.15 M, 300 mg MgSO4, hexanes (4 ml), 65 °C. 
a[Pd] = 2.5 mM. bIn 

mol% based on 1b, after 20 hours. c10 mg.  

 

To investigate the effect of the acetate concentration on the efficiency of the process, we 

systematically varied the amount from 20 to 0 mol%. Under these conditions the expected 

gradual decrease in yield was observed when the amount of acetate was lowered (table 9). 

In the presence of 20 mol% of ethyl acetate the product was obtained in 93% yield after 20 

hours (entry 1), whereas the absence of acetate resulted in trace amounts of the product. 

The use of 1 mol% of ethyl acetate provided the crotyl piperidine in 39% yield (entry 4), 

which corresponds to a TON of 39 mol prod. (mol OAc)-1. Compared with the traditional route 

(scheme 3), this corresponds to an almost 40-fould reduction of the amount of ‘acetate 

waste’ generated during the process. Additionally, in our system no additional base was 

required to neutralize the generated acid, giving a second considerable waste reduction. 
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Introduction of the acetate via trans-hex-2-enyl acetate (entry 6) gave similar yields as the 

use of ethyl acetate (79 versus 77%)43. In this reaction there is no release of ethanol as a 

result of the lipase-catalyzed trans-esterification activity. Since the yield is similar to that 

observed for ethyl acetate as acetate source, it can be concluded that the formation of up to 

10 mol% of ethanol has a negligible effect on the overall progress of the reaction. 

 

Table 9: Effect of the acetate concentration on the yield of 4b, using MgSO4 as drying agent. 

Entry Acetate source Amounta Yielda (2 hours) Yielda (20 hours) 

1 EtOAc 20 72 93 

2 EtOAc 10 66 77 

3 EtOAc   5 27 65 

4 EtOAc   1 13 39 

5 EtOAc   0 n.o. trace 

6 C3H7 OAc  
10 50 79 

Conditions: 1b/3a/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, 10 mg Novozyme 435, hexanes (4 
ml), 65 °C. aIn mol% based on 1b. n.o. = not observed. 

 

Activator and substrate variation   We were interested in the scope of the reaction and 

therefore we studied the effect of the nature of the activator, the amine and the allylic alcohol 

substrate on the efficiency of the overall process. We anticipated that both substrates and 

activator can be chosen freely, provided that the catalysts can handle them. The use of 

methyl decanoate (CH3O2C9H19) as acetate source for the esterification resulted in an 

increase of the yield compared with ethyl acetate (89 versus 77%, table 10). Crotyl 

benzoate44 is a less suitable activator source, as poor results were obtained, both at ambient 

and elevated temperatures (entries 3 and 4).  

 

Table 10: Activator efficiency in the lipase/palladium-catalyzed synthesis of 4b. 

Entry Activator sourcea Temperature (°C) Yieldb 

1 EtOAc 65 77 

2 CH3O2C9H19 65 89 

3 Crotyl benzoate 25   6 

4 Crotyl benzoate 65 23 

Conditions: 1b/3a/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, 10 mg Novozyme 435, hexanes (4 
ml). a15 mM. bIn mol% based on 1b, after 20 hours. 

 

Next to crotyl alcohol and piperidine, various other substrates (chart 1) can be efficiently 

coupled under the optimized reaction conditions. Note that in these experiments ethyl 
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acetate was used as the activator source. Good to moderate yields were obtained for a 

variety of substrates (table 11). With cinnamyl alcohol (1a) as the substrate the product was 

obtained in a higher yield than when the isomer 1-phenylprop-2-en-1-ol (1c) was used as the 

substrate (86 versus 74% conversion, entries 1-2). Note that both substrates gave rise to the 

same product (trans-1-cinnamyl-piperidine, 4a). Cis-pent-2-en-1-ol (1d) was converted to the 

corresponding product in 56% yield, while trans-hex-2-en-1-ol (1e) was converted to hex-2-

enyl piperidine in 67%. With morpholine (3b), crotyl morpholine was obtained in 69% yield 

(entry 5). The reaction between cyclohex-2-enol (1f) and piperidine yielded only trace 

amounts of the product (entry 6), but with methylbenzylamine (3c) as the nucleophile, the 

amination product was obtained in good yield (entry 7). 

 

OH

Ph

OH OH

Ph

OH OH OH N
H

O

N
H

Ph

N
H

1a 1b 1c 1d 1e 1f 3a 3b 3c

Allylic alcohol Amine  
 

Chart 1: Allylic alcohols and amines studied in the lipase/palladium-based system. 

 

Table 11: Efficient lipase and palladium-catalyzed synthesis of allylic amines. 

Entry Allylic alcohol Amine Yielda (4hours) Yielda (20 hours) 

1 1a 3a 61 84 

2 1c 3a 58 74 

3 1d 3a 60 44 

4 1e 3a 67 56 

5 1b 3b n.d. 69 

6 1f 3a n.d. trace 

7 1f 3c n.d. 88 

Conditions: 1/3/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1] = 0.15 M, 300 mg MgSO4, 10 mg Novozyme 435, hexanes 
(4 ml), 65 °C. aIn mol% based on 1. n.d. = not determined. 

 

The role of the lipase   During the preparation of this work an article by Kobayashi et al. 

appeared, reporting the palladium-catalyzed conversion of allylic alcohols using catalytic 

amounts of acid as co-catalyst (scheme 8)45. The reported system resembles our system to a 

certain extent; palladium as a catalyst in the presence of a catalytic amount of activator (acid) 

to catalyze the alkylation of allylic alcohols. A significant difference is that the reaction is 

performed in water. 
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Scheme 8: Palladium- and acid-catalyzed allylic substitution of allylic alcohols developed 

by Kobayashi et al. 

 

In the system of Kobayashi the allylic alcohol is not esterified prior to the substitution 

reaction. Therefore, we needed to reconsider the role of the lipase in our system. Since we 

use ethyl acetate (an ester) as the source of ‘acetate’, the lipase has two tasks to perform. In 

the initial phase, the lipase performs a trans-esterification between ethyl acetate and the 

allylic alcohol to yield ethanol and the allylic acetate. In a later stadium of the reaction it 

couples the acetic acid, liberated by the palladium-catalyzed amination, with the allylic 

alcohol to generate the activated allylic substrate. To investigate the separate steps, 

experiments were conducted starting with acidic acid rather than ethyl acetate (scheme 9). 

 

OH

N

N+
 EtOAc

Pd + lipase

OH

N

N+
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Scheme 9: Ethyl acetate versus acidic acid as activator sources. 

 

Surprisingly, when acidic acid was used as activator source, the reaction also proceeded 

efficiently in the absence of lipase (table 12, entries 1 and 2). Only a slightly lower yield was 

observed in the absence of Novozyme 435 (85 versus 90%) after a reaction time of 20 hours. 

This shows that the enzyme has a limited effect on the reaction progress when acidic acid is 

the activator source and suggests that palladium in combination with the acid fully accounts 

for the observed transformations. Note that no product was observed in the absence of 

lipase when the reaction was started with EtOAc (table 7, entry 2). Clearly, under these 

reaction conditions the lipase is required for the hydrolysis of the ethyl acetate. The higher 

yield as a result of the use of HOAc instead of EtOAc as the activator source (90% versus 
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77%; table 12, entry 1 and table 9, entry 2) can be contributed to the role the lipase has to 

perform. In the latter case the HOAc needs to be released from the EtOAc by the lipase, 

while this is not necessary if the reaction is performed with HOAc as acetate source. When 

the reaction was performed in the absence of an acetate source, the reaction yielded, as 

expected, only trace amounts of the product (entries 3 and 4). 

 

Table 12: Influence of lipase on the yield of 4b, applying HOAc as activator source. 

Entry Enzyme Amount HOAca Yielda 

1 Novozyme 435b 10 90 

2 X 10 86 

3 Novozyme 435b 0 trace 

4 X 0 trace 

Conditions: 1b/3a/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, hexanes (4 ml), 65 °C. 
aIn mol% 

based on 1b, after 20 hours. b10 mg. 

 

Next, we investigated the lipase/palladium/HOAc system in more detail, by varying the 

reaction conditions (table 13). At 50 °C in the presence of the palladium catalyst and 10 

mol% HOAc, we found that around 38% of the product was formed in the absence and 

presence of Novozyme 435 (entries 1 and 2). Similarly, the presence of lipase did not 

influence the yield when the reaction was performed at 65 °C with 1 mol% of acidic acid 

(entries 3 and 4)46. When cinnamyl alcohol (1a) was used instead of crotyl alcohol (1b), even 

a slight decrease in the yield was observed when Novozyme was present (entries 5 and 6). 

The effect of the Novozyme 435 on the yield in the reactions conducted with benzoic acid as 

activator (table 10) is also negligible, since identical yields were obtained in the absence and 

presence of Novozyme both at 25 °C and 65 °C (not presented in the table). 

 

Table 13: Influence of lipase on the yield of allylic piperidines with HOAc as acetate source. 

Entry Enzyme Amount   
HOAca 

Temperature 
(°C) 

Substrate Yielda       
(2 hours) 

Yielda      
(20 hours) 

1 Nov. 435b 10 50 1b 12c 37 

2 X 10 50 1b 14c 39 

3 Nov. 435b 1 65 1b n.d. 28 

4 X 1 65 1b n.d. 28 

5 Nov. 435b 10 65 1a 43 n.d. 

6 X 10 65 1a 51 n.d. 

Conditions: 1/3/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1] = 0.15 M, 300 mg MgSO4, hexanes (4 ml). 
aIn mol% based on 1b. 

b10 mg, Nov. 435 = Novozyme 435. cAfter 1 hour. n.d. = not determined. 
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These experiments revealed that a re-interpretation of the data and revisions of the 

mechanisms operative in our system was necessary. The data suggest the role of the lipase 

is limited to an initial trans-esterification reaction yielding allylic acetates. A subsequent 

palladium-catalyzed amination releases the ‘OAc’ as acidic acid in the system. A succeeding 

separate catalytic process, which is based on palladium in combination with the acidic acid, 

is the main contributor to the observed yields. So, instead of integrating two catalytic 

processes, a system consistent of an initial cascade of two catalyzed reactions, followed by 

an acid and palladium co-catalyzed step, was created (scheme 10). The proposed 

mechanism is consistent with the results obtained with the lipases from Candida cylindacea 

and Amano PS using EtOAc as the acetate source (table 8). As these enzymes do not 

catalyze the initial trans-esterification reaction between EtOAc and crotyl alcohol, they do not 

lead to the formation of acidic acid required as co-catalyst for the palladium-catalyzed direct 

amination of allylic alcohols. 
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HOAc

EtOAc
Pd

 
 

Scheme 10: Complete overview of the pathways involved in the palladium- and lipase-

catalyzed amination of allylic alcohols. 

 

Interestingly, the system designed by Kobayashi performs the allylic substitution in a very 

polar environment (water)45. When we applied these reaction conditions to the synthesis of 

allylic amines, only trace amounts of the products were obtained47. Similarly, our optimized 

reaction conditions are unsuitable for the allylic alkylation of cinnamyl alcohol with ethyl 2-

methyl-3-oxo-3-phenylpropanoate. 

 

Role of the acid   From the experiments described above it can be concluded that the role of 

the lipase comprises the sub-stoichiometric activation of allylic alcohols and thereby the in 

situ generation of the acetic acid. This implies that the process is progressing in a cascade 

fashion. Palladium in combination with the liberated acid is the active catalyst responsible for 

the direct amination of allylic alcohols (scheme 10). A plausible mechanism for this latter 

process is an acid-catalyzed (self-catalyzed) ester formation between the acid and the allylic 



Waste-Fee One-Pot Bio-Chemo-Catalyzed Allylic Amination 
__________________________________________________________________________________________ 
 
 

 167 

alcohol. We performed our reaction under ideal conditions for ester formation (hydrophobic 

solvent in combination with MgSO4). This self-catalyzed ester formation is, however, highly 

unlikely in the comparable system designed by Kobayashi et al., as they use water as the 

reaction medium. 

 

Yamamoto et al. investigated the oxidative addition of allylic alcohols to [Pd(0)(PCy3)2]
48. The 

main products observed were palladium allyl complexes and condensation products (diallyl 

ethers) (scheme 11). Note that in none of our experiments, detectable amounts of ethers 

were formed. The amines present in our processes, which are more nucleophilic than the 

allylic alcohols, react faster with the palladium allyl species than the allylic alcohols. Ikariya et 

al. also obtained the C- or N-allylated compounds as the major product when the reaction 

was carried out in the presence of C- or N-nucleophiles49. 

 

Pd(PCy3)2

OH

O
H2O-

Pd
OHCy3P

OH

 
 

Scheme 11: Reaction pathway in diallyl ether formation from allylic alcohol and Pd(PCy3)2. 

 

The above described oxidative addition/reductive elimination mechanism does not apply to 

our system14. Without a catalytic amount of acid, no product is observed (neither allylic 

amines nor self-condensation products). In our system, the acid may protonate the OH 

group, thereby increasing its leaving ability. For this mechanism there are two possible 

routes. The protonation may take place before or after oxidative addition of the allylic alcohol 

to palladium (scheme 12). In pathway A the allylic alcohol reacts with palladium zero 

generating a hydroxy-palladium-allyl complex (5). The second step involves the protonation 

of the hydroxy group on the palladium by the acid. This results in a cationic π-allyl palladium 

stabilized by an acetate anion (6). Reaction of the latter with the amine releases the product, 

a palladium zero complex and acetic acid. The palladium and the acid can re-enter the 

catalytic cycle. In this case, the main role of the acid would be the acceleration of the slow 

process after the π-allyl palladium formation. Tsukamoto et al. proposed a comparable role 

for boronic acids in the palladium-catalyzed allylation of aryl- and vinyl-boronic acids by allylic 

alcohols50. The boronic acid transforms the hydroxide to the less coordinating arylborate 

counter anion. 
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Scheme 12: Role of the acid as protonation agent in the activation of allylic alcohols. 

 

The formation of the π-allyl palladium may also be accelerated by the acid (route B). 

Protonation increases the leaving group ability of the OH group of the allyl alcohol and 

therefore might enhance the oxidative addition to Pd(0)51. Reaction of the protonated allylic 

alcohol (7) with palladium yields the same cationic allyl complex (6). Note that the 

protonation could also take place after alkene coordination to the palladium. During the 

preparation of this manuscript, Ozawa et al. published a detailed study on the catalytic C-O 

bond cleavage of allylic alcohols with diphosphinidene palladium complexes19b. Triflic acid 

plays an important role in the catalytic cycle and the authors suggest that mechanisms 

similar to those shown in scheme 12 may be operative. In addition, they propose that a 

palladium hydride complex is the active catalyst in the waste-free amination of allylic 

alcohols52. In all the above routes, the acid (in its de-protonated form) plays an important role 

as anion for the cationic π-allyl palladium complex. As a result, the nature of the acid 

influences the reactivity of the π-allyl palladium complex, which is in line with the large 

difference between the yields obtained with acidic acid and benzoic acid used as a co-

catalyst. Further studies (more specific kinetic data) are essential to understand the role of 

the catalytic amount of acid in our system. 

 

 

6.3   Conclusions 
 

With the aim of synthesizing allyl amines in a waste-free manner, we explored the integration 

of an enzyme and a transition-metal catalyzed step in a single process. By combining a 

lipase-catalyzed trans-esterification and a palladium-catalyzed amination into a single 

system, it was anticipated that an activator could be re-used in situ. Under optimized reaction 

conditions a broad range of substrates were converted under relatively mild conditions to the 

corresponding allylic amines. With only 1 mol% of activator a considerable waste reduction 

could be achieved compared with established (catalyzed) routes. Reaction temperature, 

solvent, catalyst and especially the drying agent have a decisive influence on the reaction. At 
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first, most results pointed at the successful integration of the enzymatic- and chemo-

catalyzed reactions. In the course of the research we found that the transformations can be 

solely contributed to an acid and palladium co-catalyzed condensation between the allylic 

alcohol and the amine. The role of the lipase was limited to the initial liberation of the acidic 

acid from the acetate source. 
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6.4   Experimental Section 
 

General Remarks   All reactions were carried out using standard Schlenk techniques under 

an atmosphere of purified N2. Mass spectra were recorded on a Hewlett-Packard 

6890N/6973N GC-MS set-up (HP-5ms column (cross-linked phase 5% PhMe-siloxane, 30 m, 

0.25 mm internal diameter, 0.25 µm film thickness), E.I. detection). Gas chromatographic 

analysis were run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W 

Scientific DB-1 column (cross-linked phase Me2siloxane, 30 m, internal diameter 0.32 mm, 

film thickness 3.0 µm), F.I.D. detector), on an Interscience Finnigan TraceGC ultra apparatus 

equipped with a RTX1 column and on a Shimadzu GC-17A apparatus (split/splitless injector, 

BPX35 (SGE) column (35% phenyl polysilphenylenesiloxane, 25 m, internal diameter 0.22 

mm, film thickness 0.25 µm), F.I.D. detector).  

 

Materials   Chemicals were purchased from Aldrich Chemical Co. and Acros Chimica and 

used without further purification, except when stated otherwise. Candida antartica lipase B 

was purchased from Fluka, Novozyme 435 was purchased from Aldrich Chemical Co. 

Solvents were distilled from sodium (toluene), sodium/benzophenone (THF, Et2O), 

sodium/benzophenone/triglyme (hexanes) under N2 prior to use. Amines were distilled from 

CaH2 prior to usage. Molecular sieves and MgSO4 were dried at 140°C for several weeks, 

followed by at least 14 hours under vacuum at 120°C. Acetyl piperidine53 and crotyl 

benzoates54 were prepared according to published methods. [(dppf)Pd(II)(allyl)]Cl and 

[(phenanthroline)Pd(II)(allyl)]Cl55 were prepared by mixing [(allyl)PdCl]2 and the ligand (1:2) 

in DCM/THF (1:1), removal of the solvents and drying in vacuo gave an orange-red and 

yellow solid respectively, which was used without further purification. Allylic acetates were 

prepared in dichloromethane by reacting allylic alcohols with acetyl chloride in the presence 

of triethylamine at 0 °C. Allylic amines were synthesized in THF at 50 °C from the appropriate 

allylic acetates and amines (2.2 equivalents) with [(dppf)Pd(II)(allyl)]Cl as the catalyst.  

 

Standard conditions for the allylic amination experiments   Crotyl alcohol (0.6 mmol), 

piperidine (1.1 equivalents), ethyl acetate (10 mol%), Novozyme 435 (10 mg), palladium 

catalyst (1.66 mol%), hexanes, T = 65°C, 300 mg of drying agent, n-decane (0.4 mmol), total 

volume = 4.0 ml. 

 

General procedure for the allylic amination   A dry Schlenk-vessel, equipped with a 

magnetic stirring bar, was charged with the drying agent (300 mg) and the appropriate 

amounts of the palladium catalyst and lipase. Subsequently, the allylic alcohol, the acetate-

source, n-decane (internal standard for the GC) and the amine were added (when possible 
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as stock solutions). In experiments where more than 10 mol% of acetate was used, equal 

amounts of amine were also added (to serve as a base and thus to allow the reaction to go 

to completion). The total volume was adjusted to 4.0 ml and the reaction was started by 

raising the temperature to 65 °C. The reaction was monitored by sampling at regular 

intervals. The samples were quenched in a dba (dibenzylidene acetone) solution in Et2O, 

filtered over celite and analyzed with GC. Substrates, intermediates and products were 

identified with GC, GC-MS and/or HPLC. Retention times were compared to intermediates 

and products synthesized using established synthetic procedures.  

 

Extraction experiments conducted with the molecular sieves   The molecular sieves 

were stirred for 14 hours at 65 °C with a mixture of hexanes, piperidine and crotyl alcohol in 

the presence of lipase. The mixture was filtrated over celite to remove solid residues and 

subsequently used in the catalysis experiments. These were conducted both in the absence 

and presence of lipase. 
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