Biocatalysis with undissolved solid substrates and products

Alessandra Basso, Sara Cantone, Cynthia Ebert, Peter Halling and Lucia Gardossi
PJH: WestCHEM, Department of Pure & Applied Chemistry, University of Strathclyde, Glasgow G1 1XL, UK.

Final submission of Chapter 12 from: Organic Synthesis with Enzymes in Non-Aqueous Media. G. Carrea and S. Riva, Eds, Wiley, 2008.

Notations
Ac: Acetyl- (N-protecting group)
ACO: Aminocarbonyl- (N-protecting group)

ADCA: 7‑Amino‑3‑desacetoxycephalosporanic acid
APA: 6 Aminopenicillanic acid

HPG: D-p-Hydroxyphenylglycine

HPGA: D‑p‑Hydroxyphenylglycine amide

Keq : Concentration based equilibrium constant 
Kth : Thermodynamic equilibrium constant

Npg: Neopentylglycine

Nvl: Norvaline

OAll: Allyl group (COOH-protecting group)

PGA: D‑Phenylglycine amide

PGME: D‑Phenylglycine methyl ester

PhAc: Phenylacetic acid

Xaa: General aminoacids

Z: Carbobenzyloxy- (N-protecting group)

Z-Npg: Carbobenzyloxy-neopentylglycine

Zsat : Ratio of product over substrate solubilities
Zth: Ratio of thermodynamic activities of the pure solid product over the solid substrates

All aminoacids have L-configuration, except where indicated

1. Introduction

Catalysis in reaction systems with undissolved substrates and products is not restricted to biocatalysis. High yields in solid-state synthesis, solid-to-solid reactions and solvent-free systems have been reported also for aldol condensation, Baeyer-Villiger oxidation, oxidative coupling of naphthols and condensation of amines and aldehydes.
,
 

The study of enzymatic reactions in systems with substrates present at very high mass/volume ratios, often leading to suspensions rather than solutions, has also been pursued. The majority of the published work on this type of reaction was related to the synthesis of protected peptides,
,
,
,
,
,
,
,
,
,
,
,
,
 but the synthesis of beta-lactam antibiotics,
,
,
,
 glycosides,
,
 glycamides
 and esters
,
,
,
,
 starting from suspended substrates has also been reported. 
Enzymatic synthesis in reaction mixtures with mainly undissolved substrates and/or products is a synthetic strategy in which the compounds are present mostly as pure solids.
,
  It retains the main advantages of conventional enzymatic synthesis such as high regio- and stereoselectivity, absence of racemisation and reduced side-chain protection.  When product precipitates the reaction yields are improved so that the necessity to use organic solvents to shift the thermodynamic equilibrium toward synthesis is reduced and synthesis is made favourable even in water.

The thermodynamics of these reaction systems have been investigated, resulting in methods to predict the direction of a typical reaction a priori. Furthermore, studies on kinetics, enzyme concentration, pH/temperature effects, mixing and solvent selection have opened new perspectives for the understanding, modelling, optimisation and the possible large scale application of such a strategy.  

2. The reaction system: classification
Several different approaches, which involve suspended substrates or products with aqueous, organic or no separate solvent added, are reported in the literature of the last decade. 

Although these reaction mixtures usually consist largely of solids, it has been recognised that a liquid phase is essential for enzymatic activity.4,
 In a reaction with two solid substrates, this usually means the addition of a solvent (sometimes referred to as ‘adjuvant’) to the mixture.4,
,
  
One of the two substrates can be a liquid at the reaction temperature, so that it can then be used as the ‘solvent’ to partially dissolve the other substrate.
,
,
,
  

In some cases a liquid phase can be formed from two solid substrates by eutectic melting, when the reaction temperature lies below the melting points of the pure substrates, but above their eutectic temperature.4,5,
 A small liquid phase may also be formed from two solid substrates because of traces of associated water.8 Table 1 summarises the main features of different reaction systems with undissolved substrates and/or products described in the literature. 

Tab. 1. Classification of reaction systems used for biocatalysis with undissolved substrates and/or products. Y: Yes; N: No; L: Low; H: High; A: Aqueous media; O: Organic solvent
	Presence of:
	Solid substrate?
	Solid product?
	Liquid fraction?
	Organic solvent or aqueous media?
	Characteristic of the system


	Suspended substrates


	
	
	One or both substrates are present mainly as solid suspended in the solvent.  Products do not precipitate and yields tend to be low, unless the equilibrium lies in the synthetic direction (e.g.: in the presence of organic solvents).

	
	Y
	N
	La
	A
	Mainly solid substrate with a bit of liquid between particles

	
	Y
	N
	La
	O
	Mainly solid substrate with a bit of liquid between particles

	
	Y
	N
	H
	A
	Excess solid substrate suspended in an aqueous phase 

	
	Y
	N
	H
	O
	Excess solid substrate suspended in an organic phase 

	Substrate suspended in a liquid substrate
	
	
	One solid substrate is suspended in a substrate which is liquid at the reaction temperature and which acts also as liquid phase. Yields can vary a lot depending on several parameters.

	
	Y
	Y
	H
	O
	One solid substrate is suspended in a liquid substrate that acts as solvent.

	
	Y
	N
	H
	O
	One solid substrate is suspended in a liquid substrate that acts as solvent.

	
	
	
	
	
	

	Suspended substrates and precipitating products
	
	Both substrates and products are present mainly as solids suspended in a liquid phase.  Very good yields are commonly observed.

	
	Y
	Y
	La
	A/O
	Mainly solid substrates giving precipitating products

	
	Y
	Y
	H
	A/O
	The so called “suspension-to-suspension”, with excess solids  

	Product precipitated from a reaction in solution
	
	
	A homogeneous solution from which the product precipitates. These systems have been used for peptide synthesis since the 1930’s.

	
	N
	Y
	Hb
	O
	Precipitation driven synthesis of peptides in organic solvent

	
	N
	Y
	Hb
	A
	Precipitation driven synthesis of peptides in aqueous phase

	Eutectic melting
	
	
	Two solid substrates form a liquid phase by eutectic melting. 

	
	N
	N
	H
	N/Ac 
	The two substrates melt and no additional solvent needs to be added.  

	
	N
	Y
	H
	N/Ac
	The two substrates melt and no additional solvent needs to be added.  When product precipitates the reaction mixture solidifies.

	
	Y
	Y
	H
	N/Ac
	Also possible, can have one solid substrate and eutectic melt of mixture.


a Working with suspended substrates, another component, normally termed an “adjuvant”, has been added in a small amount (usually 5-30%), to cause or enhance formation of a liquid phase.

b Might be L at end of reaction.
c No solvent.
The physical appearance of such reaction mixtures can vary widely depending on the ratio of the different components and on the nature of the liquid phase used. Thus, there are mainly solid systems or dilute suspensions in a large liquid phase in which a product can precipitate because its solubility in the solvent used is extremely low.

Although substrates are usually largely undissolved in such systems, very high conversion yields were observed in many of the reactions studied in the literature. In all these cases, the driving force for the very good yields obtained was the precipitation of the reaction products.28,
  Hence, the name “precipitation driven biocatalysis” has been suggested to cover all those reaction systems (Figure 1)
 that have been named as “solid-to-solid”,3 “suspension-to-suspension synthesis”,
 “aqueous two-phase systems with precipitated substrates and/or products”
 or “heterogeneous eutectic melting”.35

[image: image1]
Fig. 1. Precipitation driven biocatalysis, where the dissolution of the substrates and the  enzyme-catalysed reaction happen with consequent precipitation of the products
It is clear that several aspects of reaction systems with suspended substrates are significantly different from those in solution.  The presence of solid substrates has important consequences for the reaction kinetics and thermodynamics and it requires different strategies for reaction engineering.   
3. Theory 
The thermodynamic feasibility of a reaction with precipitating products can be assessed by comparing the mass action ratio to the equilibrium constant of a reaction. This requires estimation of solubilities using melting points of reactants in combination with the reaction equilibrium constant.38 
The yields of solid-to-solid reactions are governed by thermodynamics.3 If in the case of product precipitation the reaction yields are nearly quantitative,6,7,8,38,
,
,
,
,
 much lower yields have been observed in biocatalysis with suspended substrates where the product does not precipitate.14,16,17 
For an acylation reaction, with suspended substrates and precipitating product, the overall reaction can be described as follow (equation (1)): 

AOH(s) + BH(s)                 AB(s) + H2O






(1)

Where, AOH is an acyl donor, BH is a nucleophile, and AB is the reaction product. It is desirable if the equilibrium lies to the side of solid product. The favoured direction depends on the crystal energy difference between the product and substrates and the free energy change of the chemical reaction. It is useful to consider two thermodynamic constants. The thermodynamic equilibrium constant (Kth) of the chemical reaction is given by equation (2):
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Where, at equilibrium, a indicates the thermodynamic activity of the reactants and aw is the water activity. The thermodynamic mass action ratio (Zth: the ratio of thermodynamic activities of the pure solid product over the solid substrates) is defined by equation (3):
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(3)

Provided the same reference standard state (for example the pure solid) is used in Kth and Zth for each reactant, we can combine these to give the free energy of the solid-to-solid conversion  according to equation (4): 
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The usual standard state chosen will be pure water, and the equation will be approximately correct whenever a dilute aqueous phase is present.  If (Gsolid-solid is negative, product precipitation can be expected, while, if it is positive, no product precipitation will be observed.
 
A recent paper gives a method for the calculation of the Gibbs free energy changes and heats of reaction for the formation of amide bonds in the solid-to-solid approach.

If now we look at the equation (4) but this time in terms of directly measurable parameters, provided that the reaction system is sufficiently dilute (ideal behaviour), we can write equations (5) and (6) instead of (2) and (3).
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Where Keq is the concentration based equilibrium constant and Zsat is the ratio of product over substrate solubilities. 
Only when Zsat < Keq does the precipitation driven reaction proceed toward near-quantitative yields. The equilibrium composition of the solid phase of the reaction mixture will then consist either of only solid substrates or of only solid products, never both. This explains that very high yields are commonly observed.

Methods have been developed for the prediction of aqueous solubilities of organic compounds and therefore for the prediction of the mass action ratio Zsat.
,
,
  
When the thermodynamics are unfavourable, one possible approach is to perform enzymatic reactions in a kinetically controlled strategy, and the reaction needs to be stopped at the maximum conversion (Figure 2).14,39
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Fig. 2. Time courses of kinetically controlled and thermodynamically controlled synthesis. The dotted line represents the position of the thermodynamic equilibrium
In the kinetically controlled synthesis an activated acyl donor (ester, amide or anhydride) is used to form an acyl-enzyme intermediate.

Hydrolases that form an acyl-enzyme intermediate, such as some proteases and amidases, can be effectively used in this approach. On the other hand, this method is not applicable to metallo- and carboxyproteases. 

Compared to thermodynamically controlled synthesis, the initial rates of the kinetically controlled synthesis are usually faster and the conversion can be complete. However, once the maximum yield is reached, the enzyme begins to hydrolyse the product. Thus the yield will decrease to reach the equilibrium position. 

4. Factors affecting the reactions in the presence of undissolved substrates/products
In reactions with undissolved substrates or products, the pH of the reaction mixture exerts an important influence on the rate of enzymatic reactions. In these systems, the concentration of the species is maximal and reaches the solubility value. Therefore, in the presence of ionised suspended substrates or products, the pH can be derived from a charge balance of the species present in the reaction mixture. The presence of any additional aqueous buffer will then not have a significant effect.7  

There was found to be a correlation between changes in the initial substrate ratio and the pH of the liquid phase,8 and it was demonstrated that even a slightly unequal substrate ratio can have a large effect on rate.  For example, a two-fold higher initial rate could be achieved in a reaction mixture with 60% L-Leu-NH2 (pKa around 7.8) and 40% Z-L-Gln (pKa around 3.6) as compared to a reaction with equimolar substrates.8 However, unequal substrates ratio means that at the equilibrium an excess of one unreacted substrate will be present, so other methods are generally preferred. 
Following these considerations, the pH of these systems was actively controlled by the addition of  inorganic salts (acids or bases).56 As a matter of fact, a 20-fold increase in the initial rate could be observed upon addition of KHCO3 or K2CO3 in the synthesis of Z-L-Asp-L-Phe-OMe, but 1.5 equivalents of salt were optimal to obtain yields of more than 90%. The profile of initial rate as a function of K2CO3 concentration displayed a bell-shaped figure typically seen for pH effects on enzyme activity (Figure 3). 
[image: image9.emf] 
Fig. 3. Effect of basic inorganic salt on initial rate of protease catalyzed synthesis of Z‑aspartame (0.1 mmol Z-Asp, 0.1 mmol Phe-OMe∙HCl) with varied amounts of KHCO3 (triangles) and K2CO3 (circles). The x-axis unit is equivalent to 1 mol of KHCO3 or 0.5 mol K2CO3 per mole Phe-OMe∙HCl56
Similar effects could be observed during the thermolysin-catalysed synthesis of Z-L-Gln-L-Leu-NH2 when NaHCO3 was used instead of KHCO3. On the basis of these results it was possible to create a model for the prediction of the initial pH and the change of pH during product formation of Z-L-Asp-L-Phe-OMe.  This helped to explain both final yields and the enzyme kinetics in this system.56
In such systems salts can be used also when thermodynamics are unfavourable and precipitation is not achieved. The addition of specific counter-ions that form poorly soluble salts with an ionic form of the product of a reaction (and not with the substrates) lead to product salts precipitation from the reaction mixture. 
There are a number of reported ‘solid-to-solid’ reactions where products precipitated as salts rather than as neutral compounds.  The thermolysin-catalysed production of the potassium salt of Z-aspartame,52,56 the commercialised process of aspartame synthesis, where a salt of cationic D-Phe-OMe and anionic Z-aspartame precipitates
 and the enzymatic conversion of solid Ca-maleate to solid Ca-D-malate,43  are examples of such behaviour.  
In the thermolysin-catalysed synthesis of the potassium salt of Z-aspartame (Scheme 1), the reaction rate was found strongly dependent on the amount of basic salt (KHCO3, see Fig. 3) added to the system, as mentioned above.56 
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Scheme 1. Enzymatic solid-to-solid synthesis of Z-L-Asp-L-PheOMe potassium salt (Z-aspartame potassium salt) using inorganic salts56 
For the conversion from solid Ca-maleate to solid Ca-D-malate (Scheme 2), kinetic models were developed to predict kinetics of dissolution of the substrates, the enzyme-catalysed reaction and the precipitation of the reaction product, all of which occur at the same time.43
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Scheme 2. Reaction of conversion of solid Ca-maleate to form solid Ca-D-malate by maleate hydratase and reaction steps43
It has also been tested whether this approach could work for the synthesis of the beta-lactam antibiotic amoxicillin.45  First, a number of organic and inorganic counter ions were tested to see whether insoluble salts were formed.  From this screening, it was observed that zinc significantly decreased the concentration of amoxicillin in solution.  Then, a 30-fold increase in the yield of amoxicillin was observed in an enzymatic synthesis reaction in the presence of 0.1 M ZnSO4.45  Unfortunately, Zn2+ dramatically affected the stability of the beta-lactam nucleus to the extent that it could not be confirmed whether product precipitation eventually occurred during the reaction or not.
Substrate dissolution rates may be important in the overall kinetics of these reactions. Dissolution rates may be affected by interfacial limitation, but mass transfer in the boundary layer around the particles always plays a key role. Mass transfer rates are determined by equilibrium solubility, diffusion coefficient and boundary layer thickness (which is agitation dependent). In many of these systems the concentration of substrates in solution is very high, so that the reaction mixture is often highly viscous.28  In such viscous systems, the diffusion coefficient can be reduced and the boundary layer may be thicker, so that mass transfer limitation becomes more likely. However, both in the work of Wolff et al.
 and Michielsen et al.,43 the reaction mixtures were relatively low viscosity aqueous suspensions. 

Kinetic descriptions of this type of biocatalysed system in the presence of different amounts of water,7 substrates,8 or inorganic salts56  have been reported. In some cases, solvents (“adjuvants”) have been used to increase mass transfer.4,5 However, it was found that upon addition of organic co-solvents longer process times were actually required, even though the substrate solubility increased several times.51
Furthermore, the type of enzyme formulation (free enzyme, immobilised enzyme or whole cells) plays a key role in determining the progress of the overall reaction. For most applications, lyophilised enzyme powders have been used with good results; presumably they dissolve into the liquid phase. When poorly soluble products are formed the enzyme can be recovered by washing with water.
 For co-factor dependent reactions permeabilised cells may be used.43 When using immobilised enzymes, it has been demonstrated that the chemical nature and the pore size of the support are very important parameters to consider.6,40 

Of course the reactor design for reactions on larger scale, with suspended substrates, plays a key role since it largely depends on the consistency of the reaction mixture.
Eichhorn et al. reported the first successful reactions on preparative scale.9  Erbeldinger et al. studied the feasibility of large-scale reactions by discussing the reactor design and the possibility of enzyme recycling.52 They suggested extracting the biocatalyst with water, taking advantage of the much lower solubility of reaction products.  No loss in enzymatic activity could be observed in a 4-step extraction process after the synthesis of Z-L-Asp-L-Phe-OMe using an industrial enzyme preparation. 

5.  Precipitation driven synthesis of peptides 
Precipitation driven reactions show some very favourable advantages when compared to other low-water systems for enzymatic synthesis of peptides.
,

Table 2 reports, as an example, a comparison of different methods for thermolysin-catalysed synthesis of the aspartame precursor Z-L-Asp-L-Phe-OMe, in terms of reaction yield and initial rate.

The initial rate of thermolysin-catalysed Z‑L-Asp-L-Phe-OMe synthesis using suspended substrates (Table 2, entry 3) was similar to that in aqueous solution (entry 1: around 70%). 
Tab. 2. Comparison of different methods for thermolysin catalysed synthesis of Z-aspartame (Z-L-Asp-L-Phe-OMe)
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	Reaction systems
	Z-L-Asp-L-Phe-OMe
	Ref.

	
	v0 a
	Conv.  (%)
	

	1
	Dilute aqueous media
	735
	5
	57

	2
	Aqueous solution with precipitated product 
	Not reported
	88-90
	


	3
	Substrate suspension in aqueous media
	429
	>90
	52,56

	4
	Organic solvent
	1-35
	20-99b
	58,59

	5
	Substrate suspension in organic solvent
	16
	94
	33


a nmol•min-1•mg-1
b Depending on the solvent and on the enzymatic preparation.
However, yields were much higher working in substrate suspension (> 90% product),52,
 as compared to aqueous solution (5%).
 The high yield observed is in line with those obtained in organic solvents (both in solution and in substrate suspension; entries 4 and 5) where, however, initial rates were at most 5% of those in dilute aqueous solution.33,
,

The ‘solid-to-solid’ approach clearly combines the good rates observed in aqueous solution, with the high yields typical of biocatalysis in organic solvents. Many successful examples of precipitation driven reactions for the synthesis of peptides have been published in recent years (Table 3). 
Tab. 3. Synthesis of peptides in reaction systems in the presence of undissolved substrates or precipitated products catalysed by proteases
	Acyl donor
	Nucleophile
	Product
	Maximum yield (%)
	Ref.

	
	
	
	
	

	
	Neutral
	Charged
	
	

	Thermodynamically controlled synthesis
	
	
	
	

	ACO-Tyr
	Ile‑Gly‑OMe

Phe‑NH2

Nvl‑NH2
	ACO‑Tyr‑Ile‑Gly‑OMe

ACO-Tyr‑Phe‑NH2

ACO‑Tyr‑Nvl‑NH2
	
	89

86

92
	9
9
10

	ACO-Leu
	Phe‑NH2
Phe‑OMe
	ACO-Leu‑Phe‑NH2
ACO-Leu‑Phe‑OMe
	
	97

81
	9
9

	Z-Phe-OH
	Xaa-NH2
	Z-Phe-Xaa-NH2
	
	>80
	9

	Z-Phe‑OH
	Npg-NH2
	Z‑Phe‑Npg‑NH2
	
	56
	10

	Z‑Npg‑OH
	Npg‑NH2
	Z‑Npg‑Npg‑NH2
	
	55
	10

	Z-Xaa-OH
	Leu-NH2
	Z-Xaa-Leu-NH2
	Z‑His‑Leu‑NH2
	>80
	3, 4, 10, 11, 55

	Z-Arg-OH

Z-His-OH

Z-Lys-OH
	Leu-NH2
Leu-NH2
Leu-NH2
	
	Z‑Arg‑Leu‑NH2
Z-His-Leu-NH2
Z‑Lys‑Leu‑NH2 
	55

95

60
	12
12
12

	N‑Ac‑Tyr‑OEt
	Arg‑NH2
	
	N‑Ac‑Tyr‑Arg‑NH2
	>90
	41

	Leu-Gly, Val-Leu
	
	Oligomers
	>30
	63

	Kinetically controlled synthesis
	
	
	
	

	N-Xaa-esters
	Xaa‑amides

Xaa‑t-butylesters

peptides
	Corresponding peptides
	90
	12

	
	Eutectic melts
	
	
	

	Z‑Asp‑OEt
	D‑Ala‑NH2
	Z-L-Asp(OEt)-D-Ala-NH2
	53
	65

	Z-Asp‑OAll
	Glu‑OEt
	Z‑Asp‑Glu‑Glu‑OEt
	>75
	12

	Z‑Asp
	Phe‑OMe
	Z‑Asp‑Phe‑OMe
	56
	


	Z-Lys‑OEt

Z‑Lys‑Gly‑OEt

Z‑Lys‑Gly‑Asp‑OAll
	Gly‑OEt

Asp‑OAll

Glu‑OAll
	Z‑Lys‑Gly‑OEt

Z‑Lys‑Gly‑Asp‑OAll

 Z‑Lys‑Gly‑Asp‑Glu‑OAll
	70

68

67
	72
72
72

	Ac-Phe-OEt 
	Ala-NH2.
	Ac-Phe-Ala-NH2
	>97
	66
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In all reported cases where neutral peptides were synthesised, product precipitation was observed in the (micro-) aqueous media. 
[image: image14.wmf]0

sat

Z

 could be calculated on the basis of the melting points of a large number of neutral di- and tri-peptides and their amino acid substrates and it was found that it was always between two and six orders of magnitude smaller in value than the reference equilibrium constant for amide synthesis.38 Hence, conversion of solid substrates to solid product was predicted to be favourable. 

For charged products the situation is significantly different. For many reactions involving zwitterions, the presence of undissolved substrates did not lead to precipitated products in enzymatic synthesis reactions.9  These observations are related to differences in the solubility properties of zwitterions as compared to acids, bases, or uncharged compounds.  Because of the low concentration of the uncharged form of zwitterions, product precipitation is more likely to occur when zwitterionic products are formed and less likely when substrates are zwitterions.38  To what extent the ionisation of zwitterions contributes to the value of 
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 depends on the difference in microscopic ionisation constants of their acid and basic groups ((pKa).  With increasing (pKa values, the concentration of the uncharged form decreases further.
 
This is particularly well illustrated by comparing the condensation reactions of three N-protected basic amino acids (Z-L-His, Z-L-Lys and Z-L-Arg) to L-Leu-NH2.9  In all three cases, the acyl donor is a zwitterion, but the (pKa values are very different (2 to 3, 8 and 10, respectively). In this study the authors observed that product precipitation was only feasible for the peptide Z-L-His-L-Leu-NH2. When the amino group in the side chain of Z-L-Lys was protected to create an acid acyl donor instead of a zwitterion, precipitation driven synthesis of Z-L-Lys-(Z)-L-Leu-NH2 became possible.9 
Stevenson et al.
 studied the oligomerisation of hydrophobic peptides such as L-Val-L-Leu, which are characterised by bitterness, with the aim to modify peptide flavour. They found precipitation of oligomers in water/ethanol mixtures. By variation of hydrophobicity of the model peptides, no significant product precipitation was observed in Gly-Gly, L-Ala-Gly and L-Val-Gly. Product precipitation was observed for the more hydrophobic oligomers of L-Leu-Gly and L-Val-L-Leu.

Water is an excellent solvent for precipitation driven biocatalysis for the synthesis of peptides, leading to nearly complete conversions in most case. This is due to the specificity, restricted to hydrophobic amino acids, of proteases used in these studies. As a consequence, the synthesised peptides will exhibit poor solubilities in water, resulting in high yields of solid product.  It has been shown that the yield does depend strongly on the solvent chosen. As a rule of thumb, Gill and Vulfson35 and Cao et al.24 suggested that rather hydrophilic solvents (low logP) give the best results for both peptides and sugar fatty acid esters.  This behaviour was related to the poor solubility of the synthesised product in these solvents.24
It has been theoretically derived that the favourability of solid-to-solid conversion is solvent independent.28 Practical evidence was presented that the mass action ratio and equilibrium constant varied in the same proportions as the solvent was changed (Figure 4).44
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Fig. 4. Comparison of the mass action ratio and equilibrium constants for peptide synthesis in different solvents at aw 0.70, at 30(C.44 The light bars are equilibrium constants (Keq) obtained from four individual experiments. The dark bars represent the measured saturated mass action ratio (Zsat). Note that the difference between the two parameters is similar in all the solvents    
A comparison of the synthesis of Z-L-Phe-L-Leu-NH2 in ten different solvents revealed that the highest overall yields could be expected in solvents where the substrate solubility is minimised.  The highest yields in terms of solid product were found in solvents where both substrate and product solubility are minimised.44 These simple rules may not hold when special factors apply, such as the formation of solid solvates. This may account for a few apparent exceptions, such as the product precipitation in dichloromethane of both a peptide and a sugar fatty acid ester.44,
 
The type of solvent can affect the kinetics and as a consequence, the equilibrium is sometimes not reached within a reasonable time. For example, Kim and Shin studied the kinetically controlled synthesis of alitame precursor (Z-L-Asp(OEt)-D-Ala-NH2) and better results were obtained in the presence of dimethyl sulfoxide and 2‑methoxyethyl acetate as adjuvants. These solvents promoted product precipitation while maintaining the reaction mixture in a homogeneous state, thus improving the conversion.
 

Unlike for biocatalysis in solution, the worst solvents (i.e. lowest solubilities) will give rise to the best synthetic yields. Of course it is essential that the biocatalyst shows good activity/stability in the solvent of choice. In many cases, and in particular for reactions involving hydrophobic uncharged products, water is an excellent choice. If the product to be formed is charged, then solvents where ionisation is unfavourable will give rise to the best yields of solid product.  

Some literature examples of peptide synthesis in the presence of organic (co-) solvents are summarised in Table 4. The uncharged peptide that was not reported to precipitate in the time scale of the reaction was Ac-L-Phe-L-Ala-NH2.
 This was probably due to mass transfer limitations related to limited substrate solubility in the mixture of solvents used.

Tab. 4. Precipitation driven biocatalysis for the synthesis of peptides, catalysed by proteases, in the presence of organic solvents 

	Acyl donor
	Nucleophile
	Solvent
	Yield

(%)
	Ref.

	Z-Ala
Z-Pro
	Leu-NH2
	n-Hexane
	92
33
	13

	
	
	
	
	

	Z-Lys(Z) 
	Leu-NH2
	H2O/EtOH
	61
	5

	
	
	H2O/EtOH/
2-methoxyethyl acetate
	80
	

	
	
	
	
	

	Z-Phe 
	Leu-NH2
	Toluene, n-hexane, THF, AcN, 1‑hexanol, MeOH, i-PrOH
	90-99
	3,44,60

	
	
	
	
	

	Z-Phe 
	D-Leu-NH2
Ile-NH2
Met-NH2 

Phe-NH2
	n-Hexane
	3
41
45
87
	67

	
	
	
	
	

	Z-Ser
	Leu-OEt
	H2O, glycerol
	92
	12

	
	
	
	
	

	Z-Ala-Phe
Ac-Ala-Trp
Ac-Gly-Trp  
	Leu-NH2
	n-Hexane
	78
84
77
	67

	
	
	
	
	

	Z-Phe
	Tyr-OEt 

Phe-OEt 

Leu-NH2
	Toluene
	97-98
	6


As reported in Table 1, beside the solid-to-solid approach, peptide synthesis can be performed in systems where mixtures of substrates undergo eutectic melting.

Eutectic melting is a well-known phenomenon that lowers the melting point of a mixture below the melting point of each pure compound in the mixture.4
Amino acid and peptide derivatives, commonly used as substrates in peptide synthesis, form low-melting point mixtures when combined together in the absence of bulk solvents.
 
As an example, liquefied mixtures are easily formed by using some amino acids protected with acetyl, Boc, Fmoc and Z groups. Some authors have called the resulting systems “eutectic mixtures”, but this term should be reserved for its textbook definition as the composition of minimum melting point that freezes isothermally at the eutectic temperature. Hence we refer to them as “eutectic melts”. 
In many of the literature studies a small amount (usually 5-30%) of another component, normally termed an adjuvant, has been added to cause or enhance formation of a liquid phase. There are several examples of application to efficient enzymatic peptide synthesis. 4,7,12,35,
 In most cases the adjuvants used are themselves liquid at the reaction temperature, so formation of the liquid phase can no longer properly be attributed to eutectic melting. Essentially the process is indistinguishable from dissolution in a small quantity of a solvent (i.e. from the other types of reaction system discussed above).
Eutectic melting (and also similar systems with added adjuvants/solvents) has been used to prepare homogeneous substrate mixtures with extremely high concentration levels as media for enzymatic reactions.35,74 
An interesting example of scale-up of peptide synthesis in such low-melting point mixtures derived from eutectic melts was described.
 Neat combination of the pure substrates in the complete absence of water/solvent (adjuvant) provided simple heterogeneous systems consisting of the eutectic melts plus an excess of solid substrate (Figure 5).
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Fig. 5. Kilogram-scale production of a flavour-active peptide precursor conducted in heterogeneous, low solvent mixtures72 
6. Precipitation driven synthesis of esters and surfactants 
Synthesis in the presence of undissolved substrates has proven useful also in the lipase-catalysed syntheses of surfactants such as glucose esterified with fatty acids or esters of glycosides,
 but also in more unusual examples such as the cinnamic alcohol ester of glucuronic acid,21 the phenylbutyric ester of vitamin C,23 or the more recent example of sorbitol-fatty acid esters.
 

Tab. 5. Synthesis of esters in the presence of undissolved substrates
	Product
	Acyl donor 
	Nucleophile
	Solvent
	Yield (%)
	Ref.

	
	
	
	
	
	

	S-Ibuprofen
	R,S-Ibuprofen
	Fatty alcohols
	None
	Low e.e.
	


	Aminoacid derivative
	Z-Arginine 
	di-amino alkane
	None
	100
	53

	Amide
	Glutaric acid ester
	L-Tyrosynamide
	None
	48
	31

	Glucuronic acid esters
	Glucuronic acid 
	Cinnamic alcohol /n-Butanol
	tert-Butanol
	15-22
	21

	Vitamin C ester
	4-Phenylbutanoic acid
	Vitamin C 
	tert-Butanol
	91
	21

	
	
	
	
	
	

	Surfactant
	Long-chain fatty acids
	Sugar acetals
	None
	50-90
	28

	
	Oleic acid
	N-methyl-galactamine
	2-Methyl-2 butanol
	85
	20

	
	Decanoic acid
	N-methyl-glucamine
	2-Methyl-2 butanol
	83
	20

	
	Ethyl butanoate
	Lactose
	tert-Butanol
	1
	73

	
	
	Sucrose
	tert-Butanol
	40
	73

	
	
	Maltose
	tert-Butanol
	96
	73

	
	
	Trehalose
	tert-Butanol
	84
	73

	
	Caprylic acid
	Glucose
	2-Butanone
	76
	23

	
	Stearic acid 
	Glucose
	2-Butanone
	90
	23

	
	Palmitic acid
	Glucose
	THF, DCM
	63‑6
	64

	
	
	Glucose
	2-Butanone
	81
	23

	
	
	Glucose
	Dioxane, AcN, acetone, butyrolactone, tert-butanol, tert‑amyl alcohol, 3-methyl-3-pentanol
	30-88
	24,64


In the synthesis of esters of sugars high yields were obtained in many cases, as reported in Table 5. This can be attributed to the high temperatures used in these experiments (usually experiments are conducted at 40-80°C), since the removal of water in open vials can shift the reaction towards the product.25 The same purpose was successfully achieved by using azeotropic distillation.23 An increase in ester yield with decreasing temperature was observed, and this behaviour was related to the decreased product solubility. 

The use of suspended substrates proved very useful in the production of arginine based surfactants. In this two step procedure, one amino group of a di-amino alkane was acylated with Z-Arg.53 This step was done in a melted phase constituted by substrates and quantitative yields were observed without a catalyst present. Subsequently the second free amino group of the di-amino alkane reacted with an Z-Arg-alkyl ester (kinetic control). This step was performed in aqueous suspension or organic solvent using trypsin as catalyst.
 

Similarly, glutaryl acylase was used as biocatalyst in the synthesis of amides of glutaric acid derivatives using the acyl donor as liquid phase in which the undissolved nucleophile was suspended.31 In another example immobilised lipase was used in a medium composed solely of substrate to resolve racemic ketoprofen esters via hydrolysis.36
A hydrolytic reaction starting from solid substrates was used to improve the kinetic resolution of a solid di-ester to a solubilised monoester.
 In suspension processes the concentration of the substrate enantiomer to be converted is close to saturation, whereas in a conventional process the concentration gradually decreases. Calculations showed that the presence of solid substrates could lead to a 6-fold increase in productivity as compared to the reaction in solution.

Shin and colleagues obtained high yields of sorbitol-fatty acid esters in media with extremely high (4–7 M) substrate concentration.75 The media were entirely liquid, and contained small amounts of water and organic solvents, but are probably quite similar in composition to the liquid phases of related systems with excess solid substrates. The very high substrate concentrations positively influenced the initial rate of the reactions.
6. The synthesis of (-lactam antibiotics in the presence of undissolved substrates
The enzymatic synthesis of (-lactam antibiotics from (-lactam nuclei 6-aminopenicillanic acid (APA) and 7-aminodeacetoxycephalosporanic acid (ADCA) and appropriate side chain donors has been studied from the ’60.
,

An efficient synthesis of β-lactam with D-phenylglycine, or its derivatives, as side chain, can be accomplished only by using a kinetically controlled approach via acyl group transfer from an activated side chain donor, and D-phenylglycine can be used as ester, usually methyl (PGM) or ethyl (PGE), or as amide (PGA). As a matter of fact, thermodynamically controlled reactions with suspended substrates give low yields due to unfavourable thermodynamics and consequently the absence of product precipitation.14,15,16,17 This has been related to the fact that both the substrates and the reaction product are zwitterions. Indeed, for the non-zwitterion analogue of ampicillin (penicillin G), where only one of the substrates is a zwitterion (APA) with a moderate (pKa of around 2, the thermodynamics are favourable, and indeed, precipitation driven synthesis of penicillin G has been described (see Table 6)45.
Table 6 summarizes results obtained in the synthesis of antibiotics in the presence of undissolved substrates catalysed by penicillin amidase.

Scheme 3 shows the ways to prepare β-lactam antibiotics via kinetically or thermodynamically controlled synthesis.
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Scheme 3. Enzymatic production of β-lactam antibiotics (cephalosporins and penicillins) via kinetically or thermodynamically controlled synthesis

Tab. 6. Synthesis of antibiotics in the presence of undissolved substrates catalysed by penicillin amidase
	Acyl donor
	Nucleophile
	Product
	Maximum yielda (%)
	Comment
	Ref.

	
	
	
	
	
	

	Kinetically controlled synthesis
	
	
	
	

	PGME
	APA
	Ampicillin
	93


	Enhanced solubility of APA in starting solution due to the presence of acyl donor.
	80

	PGME
	APA
	Ampicillin
	87


	Mathematical model for the process kinetics proposed.
	81

	PGME
	APA


	Ampicillin
	97
	Saturated concentration of APA maintained by repetitive addition of substrates.
	82

	PGME
	       APA


	Ampicillin
	70
	Enzyme preparations stabilized by inorganic salt hydrates .
	87

	PGA

HPGA

PGA
	APA

APA

ADCA
	Ampicillin

Amoxicillin

Cephalexin
	98

91

92
	Supersaturated homogeneous solutions of substrates were used to improve kinetics.
	85

	PGME
	ADCA
	Cephalexin
	93
	Reaction in ethylene glycol; after 10 batches, biocatalyst maintains 87% of its activity.
	86

	PGA
	APA
	Ampicillin
	>80
	pH gradient used to optimize the process
	83

	PGME
	APA

ADCA
	Ampicillin

Cephalexin
	32

30
	PGME used as solvent and reagent at the same time.
	90,89

	PGME
	ADCA
	Cephalexin
	100
	Very high substrate concentrations (> 750mM) with PGME/ADCA = 3
	88

	
	
	
	
	
	

	Thermodynamically controlled synthesis
	
	
	

	HPG
	APA
	Amoxicillin
	Not

reported
	Using 50% (w/w) DMF as co-solvent the equilibrium constant is improved.
	14

	HPG 

PhAc


	APA

APA
	Amoxicillin Penicillin G


	< 3

80


	For amoxicillin synthesis 0.001-0.1 M ZnSO4 used as counter-ion to favour product precipitation.
	45


a Conversion of the nucleophile. 
The direction of a reaction can be assessed straightforwardly by comparing the equilibrium constant (Keq) and the ratio of product over substrate solubilities (Zsat).38 In the case of the zwitterionic product amoxicillin, the ratio of the equilibrium constant and the saturated mass action ratio for the formation of the antibiotic was evaluated. 39 It was found that, at every pH, Zsat (the ratio of solubilities, called Rs in that paper) was about one order of magnitude larger in value than the experimental equilibrium constant (Zsat >Keq) and hence product precipitation was not expected and also not observed experimentally in a reaction with suspended substrates. The pH profile of all the compounds involved in the reaction (the activated acyl substrate, the free acid by-product, the antibiotic nucleus, and the product) could be predicted with reasonable accuracy, based only on charge and mass balance equations in combination with enzyme kinetic parameters.39 
Therefore, a “solid-to-solid” synthesis of amoxicillin in aqueous solution is not feasible.

Kinetically controlled strategies have been used to obtain high yields in the enzymatic synthesis of penicillins and cephalosporins. In the kinetically controlled approach, the main obstacle, however, is the competing hydrolysis of the side-chain donor as well as the product which necessitates the use of an excess of the side chain donor.

A breakthrough in the enzymatic approach was finally achieved when it was discovered that performing the reaction at high, i.e. over 0.3 M concentrations, or in the so called “supersaturated” solutions, dramatically improved the yields.

Švedas and Sheldon have reported some interesting studies on the synthesis, catalysed by native penicillin G amidase, of ampicillin and cephalexin in “aqueous solution-precipitate” systems and highly condensed aqueous systems, studying the effect of high substrate concentration and supersaturation.
 They reported a positive effect of increasing the initial APA concentration to saturation, thus making it possible to improve the efficiency of the enzymatic acyl transfer. Working with a suspension of APA, an optimal acyl tranfer efficiency can be guaranteed for a longer time and the entire amount of a nucleophile, present in a homogeneous supersaturated solution (over its thermodynamic saturation level), can take part in enzymatic synthesis.
,
,
,
,
,

In addition, at very low water content ampicillin accumulation curves do not exhibit a clear-cut maximum, inherent to the enzymatic acyl transfer reactions in aqueous medium (including quite concentrated heterogeneous aqueous solution-precipitate systems) due to the secondary hydrolysis of the target product by penicillin acylase (Figure 6).

[image: image19.emf]
Fig. 6. Curves for the accumulation of ampicillin, in the reaction catalysed synthesis by PGA at decreasing water content, from 35 % w/w (curve 1) to 10% w/w (curve 5).87
Recently, the kinetically controlled synthesis of cephalexin with penicillin amidase was studied at very high substrates concentrations to the limit of nucleophile solubility, and an increase of 30 times in volumetric productivity was obtained keeping conversion yield close to 100%.
 
This approach can be extended by working in highly condensed systems formed with mainly undissolved substrates for the enzymatic synthesis of ampicillin and cephalexin, where the reaction mixture had no aqueous phase for dispersion of the reagents and no organic solvents were used. The absence of an apparent aqueous phase in the reaction mixture reduces the incidence of the hydrolytic reaction.
,

7. Conclusion 
There are now a large number of successful biocatalytic syntheses reported in systems with undissolved solid substrates and/or precipitating products. These reactions are applicable to a wide range of compounds, are easily carried out with standard laboratory equipment, and are environmentally acceptable and cost-efficient.
 The systems vary quite widely in factors like the size of the liquid phase and the concentration of solutes within it. The systems have been named in many different ways, but the terms used mostly describe overlapping groups. With the increased understanding of the thermodynamics, kinetics, scale up, pH control, and solvent effects on these systems, it is now increasingly possible to develop or optimise these reactions rationally. The composition of the liquid phase, which may contain water or an organic solvent, has a key effect on kinetics. Successful syntheses have been described for many different peptides, as well as esters, surfactants and antibiotics, and new synthetic targets will be identified using predictive methods.38 Particularly promising are enzyme-catalysed isomerisation reactions or enantioselective resolutions.
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� When the three solid phases are present as in equation 1, their activities are fixed as those of the crystalline solids. However, water activity is also fixed, at least to an upper limit – that of an aqueous solution saturated with respect to all 3 reacting compounds. So if there is no other component present, the system is completely invariant thermodynamically, and reaction must proceed, to synthesis or hydrolysis, until at least one solid phase disappears completely. The only exception can be if the solid phases are not pure crystalline (e.g. if solid solutions form). If another component is added, but the 3 solid phases remain the same, then water activity can only be reduced further, to the extent that the new component enters the solution phase. 
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