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ABSTRACT

Five thiophene-based aldehydes, acetone cyanohydrin, a base, a lipase enzyme and isopropenyl acetate have been mixed in one-pot, leading to the kinetic resolution of a dynamic cyanohydrin library (DCR). DCR is shown to be a successful tool in optimizing synthetic conditions in terms of reactivity and enantiopurity for a series of structurally related substrates. Anhydrous Na2CO3 and lipase PS-D (Burkholderia cepacia lipase) or Novozym 435 (Candida antarctica lipase B) preparations are shown to be the best catalyst combinations for the DCR of the substrate series in toluene. The justification of the optimized DCR process is confirmed by preparing the thiophene –based (R)-cyanohydrin acetates with 68-99% isolated yields and 82-91 % ee using the traditional dynamic kinetic resolution of each substrate.   
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1. INTRODUCTION
Dynamic combinatorial chemistry (DCC) makes use of reversible reactions between functionalized building blocks and generates mixtures of products under thermodynamic control. The key feature of DCC is its feasibility in the construction of compound libraries or dynamic combinatorial libraries (DCLs), various applications of which have become well recognized [1]. The concept relies on reversible formation of covalent or non-covalent bonds in a process where the amount of each library member is directly related to its thermodynamic stability under the prevailing conditions and is ideal in screening and identifying new compounds for molecular recognition and receptor-ligand interaction studies where either the receptors and/or ligands have been synthesized. When a component of a library binds for instance to a biological target, more of the particular component is formed according to the principles of the thermodynamic equilibrium. 
An interesting application has been to couple DCL with a kinetically controlled irreversible enzymatic process, leading to the kinetic resolution of a dynamic combinatorial library, known as dynamic combinatorial resolution (DCR) [2-5].  An example is reported in Scheme 1 for a dynamic cyanohydrin library connected to lipase-catalyzed enantioselective acylation, a process in our interest in the present work. Examples of published DCRs include a dynamic nitroaldol library (Henry reaction) coupled with lipase-catalyzed kinetic resolution and the formation of α-aminonitriles by the Strecker reaction applied to form a double dynamic system coupled in a one-pot process with the lipase-catalyzed transcyanation step [4, 5]. A tandem Henry-iminolactone rearrangement represents an advanced tool to show dynamics in combinatorial systems and to drive the DCR process in the formation of the dynamic library of diastereomers [6]. The above-mentioned examples, all based on a dynamic C-C bond formation from aldehydes, indicate the high application potential of DCRs for screening structurally related chiral molecules in one-pot. 

Cyanohydrin (α-hydroxynitrile) enantiomers with two reactive functional groups (-OH and –CN) are versatile building blocks for the synthesis of many important pharmaceuticals, fine chemicals and agrochemicals [7]. Two effective enzymatic methods, oxynitrilase (also known as hydroxynitrile lyases, E.C. 4.1.2.x) -catalyzed enantiophase synthesis and lipase (E.C. 3.1.1.3) -catalyzed dynamic kinetic resolution, have been thoroughly reviewed for the synthesis of such building blocks [7c, d]. Apparently, both approaches are suitable for creating a dynamic library, one producing the mixture of free cyanohydrin enantiomers and the other the mixture of cyanohydrin ester enantiomers from the corresponding aldehydes. In fact, the production of cyanohydrin ester enantiomers is among the very first dynamic kinetic resolution methods [8]. A DCR method for the formation of cyanohydrin esters was published recently [9]. The work inspired us to investigate the ability of DCR to predict the enantioselectivity and reactivity of the library members at the same time under synthetically relevant conditions. Traditionally, such optimizations have been performed for one of the substrates (a model substrate), thereafter applying the conditions developed for the preparation of other related substrates of interest. This has been the case also in our previous dynamic kinetic resolution studies for the preparation of enantiomerically enriched cyanohydrin esters [10, 11]. However, specific demands for some of the substrates in the series (for instance some other enzyme or solvent might give better results with some substrates in the series) may become neglected by the traditionally procedure.
We herein chose to allow commercially available thiophene-based aldehydes 1(a-e), acetone cyanohydrin, a base, a lipase enzyme and an acyl donor to perform the kinetic resolution of dynamic cyanohydrin library as a one pot process in the formation of the corresponding esters (R)-3(a-e) (Scheme 1). More specifically, attention was paid to the optimization of a DCR process in two steps, focusing first on the base-catalyzed C-C bond formation (a dynamic step) and on the possible base-catalyzed acylation of rac-2(a-e) in the presence of an acyl donor. In the second step, the dynamic and lipase-catalyzed kinetic steps were combined. For dynamic kinetic resolution, and accordingly for DCR, it is important to recognize that the enantioselectivity (measured by the enantiomer ratio, E) observed for the kinetic resolution of each rac-2(a-e) limits the enantiopurity (measured by enantiomeric excess values, ee) of the corresponding products in DCR when no side reactions occur and the less reactive enantiomers are not accumulated in the process, i.e., the dynamic processes are fast compared to the kinetic ones. Finally, the synthetic validity of the optimized DCR was evaluated against preparative-scale reactions of each separate substrate. 
<Scheme 1>
2. EXPERIMENTAL PROCEDURE

2.1. Materials and methods

Chemical reagents and solvents were purchased from Sigma-Aldrich, Merck or Acros Organics and used as received unless otherwise mentioned. Lipase PS-D (Burkholderia cepacia lipase adsorbed on Celite) was a product from Amano Europe, Novozym 435 (Candida antarctica lipase B adsorbed on hydrophobic methacrylate polymer) from Novozymes and IMMAPF-T2-150 (Pseudomonas fluorescens lipase immobilized covalently on polyacrylic beads) from ChiralVision. The solvents were dried and stored over molecular sieves (4Å, 16 mm pellets). The aldehydes [except (1d) and (1e)], acetone cyanohydrin and isopropenyl acetate were distilled before use. Na2CO3 was stored in a desiccator and triethylamine (TEA) was dried over sodium hydroxide. Amberlite IRA-900 ion exchange resin (Aldrich) was conditioned to the HO¯ form with NaOH (1 M) before use [8b]. For analytical and kinetic resolution purposes, each cyanohydrin rac-2(a-e) was prepared from the corresponding aldehydes following a literature method [12].
The progress of reactions and the ee values of products 2 and 3 were followed by taking samples (100 μL) at intervals and analyzing them by GC (HP 5890 Series II GC/FID) on a permethylated β-cyclodextrin Chiralsil-Dex-CP column (25 m × 0.25 mm × 0.25 μm) using dodecane as an internal standard. The unreacted hydroxyl groups of rac-2(a-e) in the sample were derivatized with propionic anhydride in the presence of 4-dimethylaminopyridine (DMAP, 1%) in pyridine, affording propionates rac-4(a-e) and the base-line separation of the enantiomeric peaks for both 3 and 4. E values were obtained using the equation E=ln[(1-c)(1-eeS)]/ln[(1-c)(1+eeS)] and linear regression (E as the slope of the line ln[(1-c)(1-eeS)] vs. ln[(1-c)(1+eeS)]) [13]. Conversion (c %) for each individual aldehyde in the formation of cyanohydrin libraries and DCR studies was calculated by the equation c = 100[1 - Bt/Ao)], where Ao represents the peak area at time zero and Bt the area at the given time both divided by Adodecane (the area of an internal standard).
1H and 13C NMR spectra were recorded with a Bruker Avance 500 spectrometer using CDCl3 as a solvent and TMS as an internal standard. 1H-1H-COSY, 1H-13C-HSQC and 1H-13C-HMBC 2D NMR experiments were used to aid in interpreting the 1D spectra when required. Melting points were measured with a Sanyo Gallenkamp MPD350-BM3.5 instrument and are uncorrected. Specific rotations were obtained using a Perkin Elmer Polarimeter 341 and are given in 10-1 deg cm2 g-1. Mass spectra were recorded with a Bruker Daltonics microTOF-Q (ESI) on positive mode. Water contents of the neat solvents were measured by Karl Fischer titration using a Metrohm 831 KF Coulometer.
2.2. Kinetic resolution of rac-2
Cyanohydrin rac-2 (0.1M), isopropenyl acetate (0.2 M) and a lipase preparation (50 mg mL-1) in an organic solvent (2 mL) were shaken at 23 °C. Samples (100 μL) were taken at intervals. After derivatization, the samples were analyzed by chiral GC.
2.3. Cyanohydrin library and optimization of DCR
Stock solutions (100 mM) for each of the aldehydes 1(a-e) were prepared in dry toluene and diisopropyl ether (DIPE). For the formation of a cyanohydrin library, a portion of each solution (5 × 0.4 mL) and acetone cyanohydrin [100 mM (18 μL) or 300 mM (54 μL)] were added into a reaction vessel before the addition of a base [Amberlite IRA-900 (10 mg mL-1, 5 mg mL-1 and 2 mg mL-1), triethylamine (1M, 100 mM and 10 mM) or anhydrous Na2CO3 (1M, 212 mg)]. In order to study the base-catalyzed acylation of cyanohydrins, the cyanohydrin library was formed as above except that isopropenyl acetate [300 mM (65 μL)] was also present. 
For DCR studies, each aldehyde (0.4 mL of the stock solution) and an acyl donor (usually isopropenyl acetate, 300 mM) were added into the reaction vessel containing a lipase preparation (lipase PS-D, Novozym 435 (CAL-B) or IMMAPF-T2-150, 10 mg mL-1). Thereafter, acetone cyanohydrin (100 or 300 mM) and one of the bases were added. 

In the above systems, the reaction vessel was always carefully sealed and shaken (approx. 170 rpm) at 23 (r.t.) or 47 °C. Samples (100 μL) were taken at intervals, derivatized with propionic anhydride (10 μL) in the presence of catalytic amounts of DMAP (1% in pyridine) and analyzed by chiral GC. A representative GC chromatogram for a DCR process (reaction time 24 h) in toluene in the presence of lipase PS-D, Na2CO3, acetone cyanohydrin and isopropenyl acetate is given in Fig. 1. The chromatograms show excellent base-line separation for the enantiomers of 3(a-e). However, the less reactive (S)-3b occurs partly at the same place with the unreacted derivatized cyanohydrin propionate (S)-4b (retention times between 23-24 h) and may result in inaccurate ee(R)-3b. 
<Figure 1>

2.4. Preparative-scale dynamic kinetic resolution 
2-Acetoxy-2-(thiophen-2-yl)acetonitrile [(R)-3a]. Novozym 435 (1.25 g), thiophene-2-carbaldehyde (1a, 5.0 mmol, 561 mg), toluene (50 mL), isopropenyl acetate (3 eq., 15.0 mmol, 1.63 mL) and acetone cyanohydrin (3 eq., 15.0 mmol, 1.37 mL) were added into the oven-dried reaction vessel. The reaction was started with the addition of anhydrous Na2CO3 (10 eq., 50 mmol, 5.3 g). The reaction mixture was shaken (approx. 170 rpm) at 47 °C before the reaction was stopped after 4 d by filtering off the enzyme and base before evaporating the solvent in vacuo. The raw product was purified by column chromatography with dichloromethane as an eluent to yield a slightly yellow oily (R)-3a (796 mg, 88%%; ee 82%). 1H NMR (500 MHz, 298K, CDCl3) δ = 2.17 (3H, s, -COCH3), 6.64 (1H, d, J = 0.7 Hz, -CH(OAc)CN), 7.05 (1H, dd, J = 3.6 Hz, J = 5.3 Hz, H-4), 7.36 (1H, ddd, J = 0.7 Hz, J = 1.2 Hz, J = 3.5 Hz, H-3) and 7.46 (1H, dd, J = 1.4 Hz, J = 5.2 Hz, H-5). 13C NMR (126 MHz, 298K, CDCl3) δ = 20.43 (-COCH3), 58.07 (-CH(OAc)CN), 115.43 (-CN), 127.23 (C-4), 129.03 (C-5), 129.61 (C-5), 133.45 (C-2), 168.78 (-COCH3). MS (ESI+): [M+Na]+ 204.01139 ([C8H7NO2SNa] calculated 204.0897).
2-Acetoxy-2-(5-methylthiophen-2-yl)acetonitrile [(R)-3b]. As above except with Lipase PS-D replaced Novozym 435 5-methyl-2-thiophenecarbaldehyde (1b, 4.0 mmol, 500 mg) was transformed into bright yellow oily product (R)-3b (744 mg, >99%; ee 86 %) in 96 h without further purification except filtering off the enzyme and base before evaporating the solvent in vacuo. The product was pure according to 1H NMR. 1H NMR (500 MHz, 298K, CDCl3) δ = 2.15 (3H, s, -COCH3), 2.50 (3H, d, J = 1.0 Hz, -CH3), 6.54 (1H, s, -CH(OAc)CN), 6.69 (1H, dd, J = 1.1 Hz, J = 3.3 Hz, H-3), 7.14 (1H, d, J = 3.5 Hz, H-2). 13C NMR (126 MHz, 298K, CDCl3) δ = 15.45 (-CH3), 20.48 (-COCH3), 58.30 (-CH(OAc)CN), 115.48 (-CN), 125.32 (C-4), 129.83 (C-3), 130.70 (C-5), 144.30 (C-2), 168.89 (-COCH3). Rf(DCM) = 0.75. MS (ESI+): [M+Na]+ 218.02717 ([C9H9NO2SNa] calculated 218.02462).
2-Acetoxy-2-(5-bromothiophen-2-yl)acetonitrile [(R)-3c]. As above with Lipase PS-D 5-bromo-2-thiophenecarbaldehyde (1c, 5.0 mmol, 955 mg) was transformed into (R)-3c in 72 h. The raw product was purified by column chromatography eluting with EtOAc/petroleum ether (1:5) to yield faintly golden brown oil (R)-3c (1.15 g, 88 %; ee 82 %). 1H NMR (500 MHz, 298K, CDCl3) δ = 2.17 (3H, s, -COCH3), 6.53 (1H, d, J = 0.5 Hz, -CH(OAc)CN), 7.01 (1H, d, J = 3.9 Hz, H-4), 7.12 (1H, dd, J = 0.7 Hz, J = 3.9 Hz, H-3). 13C NMR (126 MHz, 298K, CDCl3) δ = 20.38 (-COCH3), 57.98 (-CH(OAc)CN), 114.82 (C-5), 116.53 (-CN), 129.92 (C-3 or C-4), 129.94 (C-3 or C-4), 134.72 (C-2), 168.70 (-COCH3). MS (ESI+): [M+Na]+ 281.92285 ([C8H6NO2SBrNa] calculated 281.91948).
2-Acetoxy-2-(5-phenylthiophen-2-yl)acetonitrile [(R)-3d]. As above with Lipase PS-D 5-phenyl-2-thiophenecarbaldehyde (1d, 3.2 mmol, 600 mg) was transformed into (R)-3d in 48 h. Column chromatography (elution with dichloromethane) afforded (R)-3d as a pink solid (599 mg, 73%; ee 90%; mp. 87-88 °C). 1H NMR (500 MHz, 298K, CDCl3) δ =2.19 (s, 3H, -C(O)CH3), 6.62 (d, 1H, J = 0.5 Hz, -CH(OAc)(CN)), 7.21 (d, J = 3.8 Hz, 1H, H-4), 7.31 (dd, J = 0.6 Hz, J = 3.8 Hz, 1H, H-3), 7.34 (dt, 1H, J = 2.1 Hz, J = 7.4 Hz,  Ar-H), 7.40 (m, J = 1.4 Hz, J = 7.4 Hz, 2H, Ar-H), 7.58 (dd, J = 1.4 Hz, J = 7.1  Hz, 2H, Ar-H). 13C NMR (126 MHz, DMSO-d6, 298K): δ = 20.48 (-C(O)CH3), 58.32 (-CH(OAc)(CN)), 115.31 (-CN), 122.85 (C-3), 126.07 (C-Ar), 128.53 (C-Ar), 129.09 (C-Ar), 130.55 (C-4), 132.21 (C-Ar), 133.28 (C-5), 148.38 (C-2), 168.85 (-C(O)CH3). MS (ESI+): [M+Na]+ 280.04283 ([C14H11NO2SNa] calculated 280.04027).
2-Acetoxy-2-(benzo[b]thiophen-2-yl)acetonitrile [(R)-3e]. As above with Lipase PS-D, benzo[b]thiophen-2-carbaldehyde (1e, 5.00 mmol, 811 mg) was transformed into (R)-3e in 24 h. Column chromatography [elution with EtOAc/petroleum ether (1:19) → EtOAc/petroleum ether (1:5)] afforded (R)-3e (783 mg, 68%; ee 91 %) as a faintly yellow viscose oil.  1H NMR (500 MHz, 298K, CDCl3) δ = 2.20 (3H, s, -COCH3), 6.72 (1H, d, J = 0.8 Hz, -CH(OAc)CN), 7.41 (1H, dd, J = 3.1 Hz, J = 6.1 Hz, H-6), 7.42 (1H, dd, J = 3.1 Hz, J = 6.1 Hz, H-5), 7.60 (1H, s, H-3), 7.82 (1H, dd, J = 3.1 Hz, J = 5.6 Hz, H-4) and 7.84 (1H, dd, J = 3.3 Hz, J = 5.9 Hz, H-7). 13C NMR (126 MHz, 298K, CDCl3) δ =20.40 (-COCH3), 58.84 (-CH(OAc)CN), 115.07 (-CN), 122.53 (C-7), 124.64 (C-4), 125.12 (C-5), 126.03 (C-6), 126.34 (C-3), 133.83 (C-2), 138.31 (C-7a), 140.64 (C-3a), 168.73 (-COCH3). MS (ESI+): [M+Na]+ 254.0286 ([C12H9NO2SNa] calculated 254.0246).
3. RESULTS AND DISCUSSION
In the present DCR processes, the task of a base is in decomposing acetone cyanohydrin, the source of cyanide, and in the formation of dynamic equilibria between aldehydes 1 and the corresponding cyanohydrins rac-2 (Scheme 1). In addition to cautious aspects necessary in handling labile cyanohydrins in general, other aspects connected to the base are worth recognizing. Thus, a base is a source for potential side-reactions catalyzing 1) the non-enzymatic acylation of rac-2 with acyl donors (isopropenyl acetate herein) and 2) condensation reactions between aldehydes 1 or between 1 and acetone (the decomposition products of isopropenyl acetate and acetone cyanohydrin). 3) The base-induced polymerization of HCN (distinctive brown color is observed) is also possible. Lipase catalysis can also lead to side-reactions, enabling the hydrolysis of the acyl donor and enantiomerically enriched (R)-3, both activated esters, by the water absorbed in the lipase preparation (or water otherwise present in the reaction system). The acid formed can neutralize the base, thus preventing HCN formation and the reversible formation/decomposition of rac-2 [14]. The R-selective enzymatic hydrolysis of enantiomerically enriched (R)-3, on the other hand, may result in gradual racemization of the ester product. Novozym 435 is often mentioned as a catalyst catalyzing ester hydrolysis in non-aqueous media, as the hydrophobic immobilization material easily releases the adsorbed water into the reaction mixture [15], while a water tunnel in the lipase allows an easy access for the water into the active site [16]. On the other hand, B. cepacia lipase and C. antarctica lipase B, when adsorbed on Celite, have been proposed to be less capable in resulting ester hydrolysis in dry organic solvents [8, 10, 14b]. 

3.1. Basic conditions by kinetic resolution
One of basic demands for the present DCR studies is that the selection of aldehydes yields cyanohydrins that are substrates for the kinetic step (Scheme 1). Accordingly, the kinetic resolution of rac-2(a-e) was investigated with isopropenyl acetate and lipase PS-D in DIPE at 23 oC, i.e., under base-free conditions (Table 1, entries 2-6). The conditions were simply chosen based on available knowledge from the lipase-catalyzed kinetic and dynamic kinetic resolution of cyanohydrins [8, 10]. The reactions took place with good reactivity and moderate to good enantioselectivities (E 8-127). The result indicates that the cyanohydrins all are substrates for lipase PS-D. Moreover, the E values allow the approximation of theoretical ee(R)-3 values at the hypothetical “zero conversion” by the equation E= (1+ee(R)-3)/(1-ee(R)-3) under the given conditions [13b]. The calculations propose relatively good enantiopurities for each compound [except for (R)-3e, entry 6] in DCRs expecting that the above-mentioned base- and lipase-catalyzed side reactions can be avoided.  
<Table 1>

In order to restrict the number of lipases just to potential ones for DCR studies, traditional procedure based on the use of a model substrate (rac-2a) was exploited. Extensive lipase screening with commercial lipase preparations gave three potential catalysts [lipase PS-D with E 23, Novozym 435 with E 19 and IMMAPF-T2-150 with E 10] for the acylation of rac-2a with isopropenyl acetate in DIPE. Other lipases tended to give rac-3a or no product at all. The lipase preparations favored the formation of (R)-3a in accordance with the previous results with furan-based cyanohydrins [10b, c, 14b]. Moreover, specific rotation +10.4 (c = 0.3, CHCl3) reported for (R)-3a (ee 99%) is in accordance with our value +9.0 (ee 82%) in Table 7 [17]. Rather than going to extensive solvent screenings we chose only DIPE and toluene for our DCR studies. Toluene is more hydrophobic dissolving water poorly (log P 2.5 [19a, 19b], water content of dry toluene 20 ppm) compared to DIPE (log P 1.9 [19b], water content of dry DIPE 33 ppm), proposing reduced probability for lipase-catalyzed ester hydrolysis as a side reaction. Hydrophobicity constant (log P) is the logarithm of the partition coefficient of the solvent between water and 1-octanol. The acylation of rac-2a in toluene proceeded with somewhat better enantioselectivity compared to the reaction in DIPE (Table 1, entry 1 vs. 2).
3.2. Dynamic Cyanohydrin Library 
The thermodynamically controlled dynamic step, i.e., the formation of a cyanohydrin rac-2(a-e) library from the aldehydes 1(a-e) and acetone cyanohydrin in the presence of Amberlite IRA-900, triethylamine or anhydrous Na2CO3 was investigated in DIPE and toluene at 47 oC (Scheme 2, route A). The formation of a library was studied by following the area development of each aldehyde with time as a “relative yield”. In order to minimize the possible base-catalyzed polymerization of HCN, 1 equiv. of acetone cyanohydrin to the total aldehyde content (100 mM; 5 × 20 mM) was investigated in addition to the 3 equiv. case which has been general in previous dynamic kinetic resolution works [8, 10, 11, 14]. The libraries in the two solvents behaved similarly except that the equilibria in toluene were more favorable for cyanohydrin formation. The results for the libraries in toluene with 100 mM acetone cyanohydrin are given in Fig. 2. The equilibrium positions between the aldehydes 1(a-e) and cyanohydrins rac-2(a-e) clearly differed from an aldehyde to another independent of the nature of a base or its content, the amounts of rac-2(a-e) formed following the order 2e>2c>2a>2d>2b. On the other hand, the equilibrium in each case occurred more to the product side the more concentrated was base was (compare Fig. 2A to B or C and 2D to E or F) and also when more concentrated acetone cyanohydrin was used. The effect of the acetone cyanohydrin concentration is exemplified with Na2CO3 in Figs. 2G (100 mM) and H (300 mM). 
With Na2CO3 (1 M; due to mixing difficulties the maximal base content) as a base the library was clearly settled in ½ h (Figs. 2G and H). With the other bases conversions tended to crawl upwards still after a couple of days, indicating aldehyde consumption by a side reaction. Accordingly and due to the dynamics of the system, the chromatogram peaks of rac-2(a-e) also slightly decreased with time (curves not shown here). Especially in the systems containing high amounts of Amberlite IRA-900 (10 mg mL-1 and 5 mg mL-1, Figs. 2A and B) or triethylamine (1M and 100 mM, Figs. 2D and E), increasingly dark color, typical to HCN polymerization, appeared. Diaminomaleonitrile has been reported as one of the polymerization products [18], and for instance it might consume aldehydes in imine formation. It is worth to note that the chromatograms did not show detectable base-catalyzed condensation products.
The effect of isopropenyl acetate (300 mM) in the formation of the cyanohydrin library was investigated as a purpose to study the role of a base in the acylation of rac-2(a-e) at 47 oC (Scheme 2, route B; Figs. 2A-H, stacked columns).  In 24 h, the formation of stable acetates rac-3(a-e) was strong especially at high Amberlite IRA-900 (10 and 5 mg mL-1) and triethylamine (0.1-1 M) contents (Figs. 2A-C and D-F, respectively). Independent of a base and its content, rac-2e was always most reactive. On the other hand, just traces of base-catalyzed acylation was possible in the presence of Na2CO3 (1 M) or triethylamine (0.01 M) (Figs. 2F and G). Interestingly, the proportion of the chemical acylation was systematically less significant when 300 mM rather than 100 mM acetone cyanohydrin was used (compare Figs. 2G and H, not shown in other cases). Although the chemical acylation of cyanohydrins in the library formation probably overestimates its proportion in the presence of a lipase, a risk for lowered ee(R)-3 values is evident in a DCR process, the risk depending on structural aspects as well as on the nature of a base used. Accordingly, anhydrous Na2CO3 (1 M) together with the other bases at low concentrations was selected for the next DCR studies. The ability of anhydrous Na2CO3 to bind water from the system might be one reason for its favorable behavior in the formation of the dynamic libraries. 
<Scheme 2>
<Figure 2>

3.3. Dynamic combinatorial resolution
Aldehydes 1(a-e) (100 mM; 20 mM in each case), acetone cyanohydrin (100 mM), one of the bases [Amberlite IRA-900 (2 mg mL-1, HO- form), triethylamine (10 mM) and anhydrous Na2CO3 (1 M)], and isopropenyl acetate (300 mM) were mixed with one of the lipase preparations [lipase PS-D, Novozym 435 and IM] in toluene to allow DCRs at 23 and 47 oC (Scheme 1). It occurred that the reactions had to be performed at elevated temperature (47 oC) as the less reactive (S)-2(a-e) tended to accumulate at 23 oC. The results are shown in Tables 2-4. The nature of a lipase preparation and base both significantly affected the relative yields of (R)-3 and ee(R)-3 values. As a result, optimizations with the IMMAPF-T2-150 preparation were not continued due to generally detected moderate production yields (4-28% in 24 h) and ee values (14-90%). Moreover, the Amberlite IRA-900 resin and triethylamine as bases both gave poor outcomes for DCRs with all lipases (Table 4 vs. Tables 2 and 3). Evidently, HCN polymerization was involved even at low contents of the bases. It is worth to emphasize that Amberlite IRA-904, traditionally used in dynamic kinetic resolution of cyanohydrins, was not commercially available anymore and Amberlite IRA-900 was used instead. Accordingly, Na2CO3 was shown to be the most reasonable base for the DCR studies as expected above (Table 4). 
Aldehydes 1e, c and a were most effectively transformed into the corresponding (R)-3 with each lipase preparation and base (Tables 2-4). Accordingly, the amount of cyanohydrins in the dynamic cyanohydrin library 2e>2c>2a>2d>2b (the dynamic step) rather than the reactivity order 2a~2c~2d>2b>2e of lipase PS-D-catalyzed enantioselective O-acylation of rac-2(a-e) in DIPE (Table 1, entries 2-6) practically determines how much each (R)-3 is formed in the kinetic step, expecting that the reactivity order is the same in DIPE and toluene. When optimization was performed with Na2CO3 in the presence of 300 mM acetone cyanohydrin (rather than 100 mM) under otherwise the same conditions, each (R)-3 yield increased with lipase PS-D while the yields were practically unchanged with Novozym 435 (Table 4, values in parentheses). At the same time, the values of ee(R)-3 were unaffected or slightly decreasing with both enzymes. It is worth noting that although the two lipase preparations were used at the same amounts, their protein contents can differ as the protein contents of the commercial preparations are unknown. 
<Tables 2-5>

Next the lipase content in DCR experiments was increased from 10 to 25 mg mL-1 using 300 mM acetone cyanohydrin in toluene at 47 oC (Table 5). The purpose was to increase the yields and enantiopurities of (R)-3 by enhancing enzymatic acylation with respect to the possibly competing chemical acylation. The relative yields considerably increased with both lipase preparations (Table 4, values in parentheses vs. Table 5, bare values). On the other hand, the changes in ee(R)-(3b-e) values (94→90, 88→91, 92→92 and 89→87, respectively) with lipase PS-D stayed just negligible, indicating insignificant chemical acylation of cyanohydrins 2 in accordance with the results in Fig. 2H. However, ee(R)-3a value dropped 10% with the increase in the lipase PS-D content (Tables 4, parentheses vs. Table 5, bare values, entries 1). The drop in ee(R)-3a is real (the phenomenon was repeated in several parallel experiments) and difficult to explain except by some inconsistent behavior of lipase PS-D under the reaction conditions of this particular case. When Novozym 435 replaced lipase PS-D, ee(R)-3 values tended slightly to decrease (Table 4, parentheses vs. Table 5, bare values) evidently due to the enzymatic hydrolysis of the product (the absolute amount of the residual water increases when more Novozym 435 is present). That the DCR with Novozym 435 is successful is interesting as the residual water in Novozym 435 previously ruined for instance the dynamic kinetic resolution of mandelonitrile [14b]. When the DCRs were repeated with 25 mg mL-1 of the lipase preparations at 23 oC, enantiopurities somewhat improved (Table 5, bare values vs. those in parentheses) as is often observed as a temperature effect on enantioselectivity. However ee(R)-3a with lipase PS-D was not improved by lowering the temperature (entry 1).
Finally, DCR studies were repeated by mixing acetone cyanohydrin (300 mM), isopropenyl acetate (300 mM) and Na2CO3 (1 M) with lipase PS-D and Novozym 435 preparations (25 mg mL1) in DIPE at 47 oC. As already mentioned, DIPE was less favorable for the formation of cyanohydrins 2 in the dynamic cyanohydrin library studies (Chapter 3.2). Accordingly, it was not a surprise that both relative yields and ee(R)-3 values with lipase PS-D in toluene were slightly more favorable than those in DIPE (Table 6 vs. Table 5, bare values). The comparison of the theoretical ee(R)-3 values [Table 1 (23 oC)] to those presented in Table 6 (47 oC) with lipase PS-D in DIPE indicates somewhat lower ee(R)-3(b-e) values in the DCR process than expected. The difference can be partly put on temperature effects and partly also on the potential R-selective hydrolysis of (R)-3(b-e) by the water in the enzyme preparation. However, the huge difference (92% → 48%; Table 1 vs. Table 6, entries 1) in the ee(R)-3a values again cannot be unambiguously explained. On the other hand, Novozym 435 behaved in a different manner in DCR, giving improved relative yields with decreasing rather than increasing trends in ee(R)-3 values without anything dramatic in the formation of (R)-3a. Now the drop in ee(R)-3e from the value 72% in toluene to the value 55% in DIPE was most significant and evidently connected to product hydrolysis (Table 1 vs. Table 6, entries 5). Accordingly, DCR selectively reveals different behaviors of lipases in addition to solvent, substrate etc. effects on enzymatic reactions, allowing a versatile optimization tool for synthetic chemistry. 
<Table 6>

3.4. Dynamic kinetic resolution of cyanohydrins

In order to test the validity of the optimization by DCR, the preparative scale dynamic kinetic resolution of rac-2 was performed mixing one of the aldehydes 1(a-e) (100 mM) at a time with acetone cyanohydrin (300 mM), isopropenyl acetate (300 mM), lipase PS-D (25 mg mL-1​) and  Na2CO3 (1 M) in toluene. The preparation of (R)-3a was performed also with Novozym 435 as the enzyme then was clearly shown to be more appropriate in DCR (Table 5). The reactions were allowed to proceed 1-3 days depending on the substrate and thereafter the corresponding enantiomerically enriched acetate (R)-3 was isolated by column chromatography. The results in Table 7 (entries 2-6, bare values) show good isolated yields (although the reactions were not completed yet) and ee(R)-3(a-e) values in line with the DCR optimization results in Table 5. The preparative-scale dynamic kinetic resolutions were repeated allowing the reactions to proceed 4 d before the product was purified (Table 7, values in parentheses). Clearly, the production of (R)-3 proceeded further in every case with the expense of product enantiopurity. As the results in Figs 1H and G support the idea that chemical acylation is not significant in the presence of Na2CO3 it is proposed that the lipase-catalyzed hydrolysis of the acetates (R)-3(a-e) produced explains the slight drops in ee values with time. However, and as already stated above, the behavior observed in the transformation of 1a into (R)-3a in the presence of lipase PS-D cannot be explained by product hydrolysis (at least not alone). As a support to this, low enantiopurity appears already at the early stage of the reaction (entry 1). 
To this end, the hydrolysis of enantiomerically enriched (R)-3(a-e) (100 mM-scale with the following initial ee values: ee(R)-3a 64%, ee(R)-3b 89%, ee(R)-3c 83%, ee(R)-3d 90%, ee(R)-3e 65%) by the residual water in the lipase PS-D preparation (25 mg mL-1) was studied in toluene at 47 oC. The formation of cyanohydrins (R)-2(a-d) took place in every case to the extent of 10-13% in 24 h. The hydrolyses proceeded at low enantioselectivity as concluded because the ee(R)-3(a-e) values remained practically unchanged and ee(R)-2(a-e) values (ee(R)-2a 66%, ee(R)-2b 93%, ee(R)-2c 89%, ee(R)-2d 87%) were the same or just slightly higher than the initial ee(R)-3(a-e) above for the hydrolysable esters. (R)-3e was most alert to ester hydrolysis (conversion 20% after 24 h, ee(R)-2e 90%). The drop in ee(R)-3e from 91% (yield 68% after 1 d) to 57% (yield 71% after 4 d) strongly supports this conclusion. It should be noted that an equilibrium between the free cyanohydrins 2(a-e) and the corresponding aldehydes 1(a-e) in the presence of a base is connected to the enzymatic ester hydrolysis complicating the interpretation.

<Table 7>
4. Conclusions

The potential of a DCR process to predict optimized conditions for a preparative scale dynamic kinetic resolution of the corresponding cyanohydrins has been studied by mixing five thiophene-based aldehydes 1(a-e), acetone cyanohydrin, a base, a lipase enzyme and isopropenyl acetate in toluene and DIPE in one-pot. DCR conditions have been screened with respect to the nature of three bases (Amberlite IRA-900, triethylamine and anhydrous Na2CO3) and their contents, with respect to the nature of three lipase catalysts (lipase PS-D from B. cepacia, Novozym 435 from C. antarctica lipase B and IMMAPF-T2-150 from P. fluorescens) and their contents and with respect to temperature and acetone cyanohydrin concentration. The work shows that DCR is a highly justifiable screening method for synthetic applications, expecting that suitable analytical methods are available (chiral GC method in the present work) and possible side-reactions are identified and minimized. It was shown that the base-catalyzed polymerization of HCN and the chemical acylation of racemic cyanohydrins together with the lipase-catalyzed hydrolysis of the ester products by the residual water of the lipase preparation are serious side reactions in the present work. The base-catalyzed side-reactions were avoided by selecting Na2CO3 as a base while the effect of enzymatic ester hydrolysis was limited by stopping the reaction when the side-reaction still was minimal. The DCRs indicated that lipase PS-D works well for the formation of substituted cyanohydrin acetates (R)-3(b-e) while Novozym 435 should be used with unsubstituted (R)-3a. In terms of reactivity and product enantiopurity, lipase PS-D was shown to be favorable in toluene while Novozym 435 favored reactions in DIPE.
The justification of the DCR process as an optimization tool was confirmed by preparing each of the cyanohydrin acetates (R)-3(a-e) from the corresponding aldehydes using dynamic kinetic resolution. For the purpose, aldehydes 1(b-e), Na2CO3 (1 M), acetone cyanohydrin (300 mM) and isopropenyl acetate (300 mM) were mixed with lipase PS-D (25 mg mL-1) in toluene at 47 oC affording the cyanohydrin acetates with 89-91% ee and 68-92% isolated yields in accordance with the data in the DCR. The use of Novozym 435 under the same conditions gave (R)-3a (88% yield and 82% ee). 
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Scheme 1. DCR for the formation of heterocyclic aromatic cyanohydrin acetates (R)-3(a-e).
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Scheme 2. Cyanohydrin library with and without the presence of isopropenyl acetate.
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Fig. 1. GC chromatograms for the DCR with aldehydes 1(a-e) (20 mM each), acetone cyanohydrin (300 mM), isopropenyl acetate (300 mM), lipase PS-D (10 mg mL-1) and anhydrous Na2CO3 (1 M) after the reaction of 24 hours; regions of interest A-C enlarged.
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Fig. 2A-H. Equilibrium formation between 1(a-e) (20 mM of each) and rac-2(a-e) [symbols: a (■), b (●), c (▲), d (▼) and e (◄)] in toluene in the presence of a base and acetone cyanohydrin (A-G. 100 mM and H. 300 mM) (curves: relative yield vs. time). Amberlite IRA-900: A. 10 mg mL-1, B. 5 mg mL-1 and C. 2 mg mL-1. TEA: D. 1M, E. 100 mM and F. 10 mM. Na2CO3 (1 M): G. and H. Formation of rac-3(a-e) in 24 h in the presence of isopropenyl acetate (300 mM) otherwise under the above conditions [stacked columns: aldehyde 1 (hashed), cyanohydrin 2 (open) and cyanohydrin acetate 3 (filled black).

Table 1. Kinetic resolution of rac-2(a-e) (100 mM) with isopropenyl acetate (200 mM) and lipase PS-D (25 mg mL-1) in DIPE at 23 °C. Reaction time 4 h.
	Entry
	Compound
	Conversion 

(%)
	E


	Theoretical[b]

ee (%)

	1

2
	rac-2a[a]
rac-2a
	17

33
	28±2

23±2
	93

92

	3
	rac-2b
	32
	127±9 
	98

	4
	rac-2c
	20
	36±3
	94

	5
	rac-2d
	32
	27±3
	93

	6
	rac-2e
	27
	8±1
	78


[a] Toluene as a solvent.

[b] Theoretical ee is based on the equation E=ln[(1-c)(1-eeS)]/ln[(1-c)(1+eeS)] [13] with the given E value at “zero” conversion. 

Table 2. DCR for the formation of acetates (R)-3(a-e) from the set of aldehydes 1(a-e) (20 mM of each), acetone cyanohydrin (100 mM), isopropenyl acetate (300 mM), Amberlite IRA-900 (2 mg mL-1, HO- form) and a lipase preparation (10 mg mL-1) in toluene at 47 oC; reaction time 24 h.

	Entry
	Aldehyde
	Lipase PS-D
	Novozym 435
	IMMAPF-T2-150

	
	
	Yield[a] (%)
	ee(R)-3(a-e) 

(%)
	Yield[a]

(%)
	ee(R)-3(a-e) 

(%)
	Yield[a]

(%)
	ee(R)-3(a-e) 

(%)

	1
	1a
	39
	71
	11
	76
	12
	59

	2
	1b
	13
	89
	5
	93
	4
	64

	3
	1c
	34
	94
	12
	92
	14
	45

	4
	1d
	19
	91
	4
	61
	7
	75

	5
	1e
	58
	81
	24
	73
	27
	48


[a]Based on the disappearance of the aldehyde peak against the peak of dodecane.

Table 3. DCR for the formation of acetates (R)-3(a-e) from the set of aldehydes 1(a-e) (20 mM of each), acetone cyanohydrin (100 mM), isopropenyl acetate (300 mM), triethylamine (10 mM) and a lipase preparation (10 mg mL-1) in toluene at 47 oC; reaction time 24 h.

	Entry
	Aldehyde
	lipase PS-D
	Novozym 435
	IMMAPF-T2-150

	
	
	Yield[a]

(%)
	ee(R)-3(a-e)

 (%)
	Yield[a]

(%)
	ee(R)-3(a-e) 

(%)
	Yield[a]

(%)
	ee(R)-3(a-e) 

(%)

	1
	1a
	24
	53
	11
	80
	11
	80

	2
	1b
	9
	64
	5
	84
	4
	71

	3
	1c
	27
	61
	16
	56
	15
	49

	4
	1d
	17
	74
	7
	58
	9
	77

	5
	1e
	45
	12
	28
	18
	28
	14


[a]Based on the disappearance of the aldehyde peak against the peak of dodecane.

Table 4. DCR for the formation of acetates (R)-3(a-e) from the set of aldehydes 1(a-e) (20 mM of each), acetone cyanohydrin (100 mM), isopropenyl acetate (300 mM), anhydrous Na2CO3 (1 M) and a lipase preparation (10 mg mL-1) in toluene at 47 oC; reaction time 24 h.

	Entry
	Aldehyde
	lipase PS-D[a]
	Novozym 435[a]
	IMMAPF-T2-150

	
	
	Yield[b] (%)
	ee(R)-3(a-e)
 (%)
	Yield[b] (%)
	ee(R)-3(a-e)   

(%)
	Yield[b] (%)
	ee(R)-3(a-e) 

(%)

	1
	1a
	57 (64)
	82 (76)
	34 (37)
	88 (89)
	13
	85

	2
	1b
	27 (34)
	95 (94)
	17 (18)
	95 (91)
	5
	90

	3
	1c
	50 (58)
	95 (88)
	40 (40)
	93 (95)
	14
	86

	4
	1d
	50 (57)
	94 (92)
	17 (18)
	84 (80)
	9
	88

	5
	1e
	75 (80)
	88 (89)
	54 (58)
	85 (79)
	26
	77


[a] Acetone cyanohydrin concentration 300 mM for values in parentheses.

[b] Based on the disappearance of the aldehyde peak against the peak of dodecane.

Table 5. DCR for the formation of acetates (R)-3(a-e) from the set of aldehydes 1(a-e) (20 mM of each), acetone cyanohydrin (300 mM), isopropenyl acetate (300 mM), anhydrous Na2CO3 (1 M) and a lipase preparation (25 mg mL-1) in toluene at 47 oC; reaction time 24 h.

	Entry
	Aldehyde
	lipase PS-D[a]
	Novozym 435[a]

	
	
	Yield[b] (%)
	ee(R)-3(a-e)
 (%)
	Yield[b] 

(%)
	ee(R)-3(a-e)  

(%)

	1
	1a
	87 (44)
	66 (66)
	61 (41)
	86 (94)

	2
	1b
	58 (15)
	90 (94)
	33 (19)
	92 (94)

	3
	1c
	84 (52)
	91 (95)
	66 (46)
	86(91)

	4
	1d
	80 (36)
	92 (93)
	39 (22)
	78 (91)

	5
	1e
	94 (75)
	87 (94)
	83 (65)
	72 (88)


[a] Reaction temperature 23 oC for values in parentheses. 
[b]Based on the disappearance of the aldehyde peak against the peak of dodecane.

Table 6. DCR for the formation of acetates (R)-3(a-e) from the set of aldehydes 1(a-e) (20 mM of each), acetone cyanohydrin (300 mM), isopropenyl acetate (300 mM), anhydrous Na2CO3 (1 M) and a lipase preparation (25 mg mL-1) in DIPE at 47 °C; reaction time 24 h.

	Entry
	Aldehyde
	Lipase PS-D
	Novozym 435

	
	
	Yield[a]  (%)
	ee(R)-3(a-e) (%)
	Yield[a] 

(%)
	ee(R)-3(a-e) (%)

	1
	1a
	80 
	48 
	75 
	84 

	2
	1b
	49 
	84 
	49 
	92 

	3
	1c
	77 
	87 
	81 
	80 

	4
	1d
	73
	86 
	59 
	76

	5
	1e
	92
	82 
	89 
	55 


[a]Based on the disappearance of the aldehyde peak against the peak of dodecane.

Table 7. Preparative-scale production of (R)-3(a-e) through dynamic kinetic resolution after mixing one of the aldehydes 1(a-e) (100 mM), acetone cyanohydrin (300 mM), isopropenyl acetate (300 mM), lipase PS-D (25 mg mL-1) and Na2CO3 (1 M) in toluene at 47 °C.
	Entry
	Aldehyde
	Product
	Time (d)[a]
	Isolated yield (%)[a]
	ee(R)-3 (%)[a]
	[image: image17.png]



(c = 1, CHCl3)[a]

	1
	1a
	(R)-3a
	2 (4)
	63 (99)
	68 (62)
	+7.1 (+6.8)

	2[b]
	1a
	(R)-3a
	4
	88
	82 
	+9.0

	3
	1b
	(R)-3b
	3 (4)
	92 (>99)
	89 (86)
	+13.3 (nd)

	4
	1c
	(R)-3c
	2 (4)
	74 (88)
	89 (82)
	+14.1 (+10.6)

	5
	1d
	(R)-3d
	2 (4)
	73 (86)
	90 (85)
	+24.4 (+21.9)

	6
	1e
	(R)-3e
	1 (4)
	68 (71)
	91 (57)
	+32.9 (+21.9)


[a]Values in parentheses give results for the preparative dynamic kinetic resolution after 4 d. [b]Novozym 435 (25 mg mL-1) in the place of lipase PS-D. 
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