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Abstract:



Asymmetric hydrogenation in solution catalyzed by chiral catalysts is a powerful tool to obtain chiral secondary alcohols. It is possible to reach conversions and enantiomeric excesses close to 99%, but that frequently requires the use of non-optimal amounts of catalysts or long reaction times. That is in part caused by the lack of kinetic information needed for the design of large-scale reactors, including few reported details about catalyst deactivation. In this work, we present a kinetic model for the asymmetric hydrogenation in solution of acetophenone, a prochiral substrate, catalyzed by different bisphosphine-diamine Ru complexes. The experimental data was fitted with a first order model that includes first order deactivation of the catalyst and the presence of residual activity. The fit of the experimental data is very good, and an analysis of the kinetic and deactivation parameters gives further insight into the role of each ligand present in the Ru catalysts. This is the first report of a kinetic analysis of homogenous complexes’ catalysis including an analysis of their deactivation.
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1. Introduction


Asymmetric hydrogenation of prochiral ketones is important to obtain chiral secondary alcohols [1], which are intermediates in the production of pharmaceuticals, agrochemicals and perfumes [2]. In the hydrogenation of the carbonyl group it is customary to use a homogeneous chiral catalyst to facilitate the reaction and to avoid the formation of undesired enantiomers [3]. In this area, Noyori and his group [4] have developed a series of chiral Ru complexes used as catalysts that have an excellent performance during the asymmetric hydrogenation of several prochiral substrates. Unfortunately, that is not always the case for all the complexes studied in solution. There are reports of experiments in which the catalyst activity decreased drastically or even ceased completely. In some cases, this can be explained by the inhibition of the catalyst by the product. Another possibility, probably the most common, is that the catalyst deactivates. This may occur by the loss of a ligand, the reduction of the central metal and ripening, or formation of dimers, etc. Despite its relevance, there has not been much interest in the open literature in understanding what occurs to the catalysts [5,6]. The research effort has been focused upon the trial and error development of more efficient catalysts to attain high conversion and/or enantioselectivity.



There are few reports in the literature where a mention is made of deactivation and its possible causes. Grasa et al. [7] stated that deactivation occurred during the hydrogenation of acetophenone with a bisphosphine/diamine-Ru catalyst, and suggested that a Ru-hydride active center was formed initially but that it decomposed during reaction. A limited set of experimental data, conversion and enantiomeric excess (ee), was included, which makes an adequate comparison between catalysts more difficult. Abdur-Rashid et al. [8] conducted several experiments with the same reaction and observed decay in the activity of the catalyst, also a bisphosphine/diamine-Ru complex. They presented a kinetic model to adjust the experimental data, but there was no attempt to relate it with the structure of the complex.



Deactivation is not limited to the bisphosphine/diamine-Ru catalysts. It has also been documented with other catalysts and reactions in solution, as in the case of a [Rh(DIPAMP)(MeOH)2]BF4 complex in solution used to catalyze the asymmetric hydrogenations of C–C double bonds [9]. Deactivation has also been reported during C–C coupling with a [(PtBu3)-PdBr]2 catalyst [10], and olefin hydroamination catalyzed by PtBr2/Br− [11]. A recent study of the dehydrogenation of formic acid catalyzed by a TfDPEN-derived iridium complex explains the conversion-time results in terms of deactivation stemming from the irreversible transformation of the active complex to two inactive iridacycles [12].



As the few references above indicate, in the field of organometallic complex catalysts there has been little use of kinetics models, and much less of models that include deactivation. It is apparent that understanding the nature of the phenomena that cause the loss in activity of the catalysts developed is relevant in order to design more efficient processes. In this work, we present results for a series of Ru complexes used to catalyze the asymmetric hydrogenation of the prochiral ketone acetophenone. During reaction, a loss in the activity of the catalyst was observed and to adjust our data a kinetic model that accounts for deactivation was developed. The conversion-time data was fitted successfully, and by analyzing the kinetic and deactivation parameters we could differentiate the effect of each type of ligand in the Ru complexes used as catalysts.




2. Results and Discussion


2.1. Synthesis of the Complexes


The Ru complexes were synthesized following standard Schlenk techniques. The ligands used were (R)-BINAP ((R)-2,2′-Bis(diphenylphosphino)-1,1′-binaphthalene), (R)-Tol-BINAP ((R)-2,2′-Bis(di-p-tolylphosphino)-1,1′-binaphthyl), (R)-DABN ((R)-(+)-1-1′-Bi(2-naphthylamine)) and (R)-MAB ((R)-6,6′-dimethyl-2,2′-diaminobiphenyl). The details, as well as the spectrocopic characterization of the Ru complexes (31P Nuclear Magnetic Resonance and Infrared) can be found in a previous work [13]. The complex structures are shown in Figure 1.


Figure 1. Structure and nomenclature of the complexes used in this work. (R)-BINAP-RuCl2-(R)-DABN = RB-Ru-RD; (R)-BINAP-RuCl2-(R)-MAB = RB-Ru-RM; (R)-Tol-BINAP-RuCl2-(R)-DABN = RT-Ru-RD; (R)-Tol-BINAP-RuCl2-(R)-MAB = RT-Ru-RM.
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2.2. Catalytic Performance


During catalytic experiments in a batch reactor, Figure 2, all the Ru complexes hydrogenated acetophenone asymmetrically. The only product was 1-phenylethanol and (R) was the preferred enantiomer, with ee up to 43%. In all cases, the initial ee was the largest, and then there was decay with time. The conversion (X) vs. time behavior generally consisted of an initial period with fast reaction, followed by a slow rate region. As we discuss later, we attributed the changes to catalyst deactivation.


Figure 2. Hydrogenation of acetophenone with the Ru complexes as catalysts.
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The conversion and ee (%) vs. time behavior for the different Ru complexes is given in Figure 3 and Figure 4, respectively. The effect of each ligand is different. First, the complexes bearing (R)-MAB (RB-Ru-RM and RT-Ru-RM) convert over 80% of the substrate and have a similar trend with time (Figure 3). The complexes having (R)-DABN (RB-Ru-RD and RT-Ru-RD) are not as active, with conversions below 60%. This underscores the role of the MAB ligand in favoring a higher activity. As for the bisphosphine ligand, its effect over the performance of the catalyst can be examined on Figure 4. There is at least a 7% difference in the ee between the RT-Ru-RM and the RB-Ru-RM complexes as a result of a difference in the bisphosphine ligand. The difference increases with reaction time. In the case of the RT-Ru-RD and RB-Ru-RD complexes there is also a difference in the ee, about 9%. Hence, a variation in the bisphosphine ligand appears to have a larger effect upon the enantioselectivity.


Figure 3. Conversion during the hydrogenation of acetophenone catalyzed by the different Ru-complexes. Conditions: 100 psi of H2, room temperature, 1 mmol acetophenone, 20 mL isopropanol (IPA), 1.25 mM t-BuOK and 0.01 mmol of catalyst.
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Figure 4. Enantioselectivity during hydrogenation of acetophenone catalyzed by Ru-complexes. Conditions: 100 psi of H2, room temperature, 1 mmol acetophenone, 20 mL isopropanol (IPA), 1.25 mM t-BuOK and 0.01 mmol of catalyst.
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There is evidence in the literature about the effect of the bisphosphine ligand on the ee, but the role of the diamine ligand is more difficult to understand, although it is essential for these catalysts in order to be functional. Grasa et al. [7] synthesized several Ru complexes with different 1,4-diamine ligands, active in the hydrogenation of acetophenone. The ee reached with (R)-P-Phos in the catalyst was 75% for the (R) product, but with a more sterically bulky bisphosphine, (R)-Xyl-P-Phos and the same diamine, the ee was 55% towards the (S) configuration of the product. The conversion reported for each complex was the same. This data supports our conclusions, because the diamine affects the conversion, whereas the bisphosphine ligand modifies the ee.



After comparing the activity of the complexes under the same conditions, we studied the effect of the base concentration upon the conversion and ee. In these experiments, we used RB-Ru-RM, Figure 5, and RT-Ru-RM, Figure 6, because of their better catalytic performance. With RB-Ru-RM, the largest product yield occurred with a base concentration equal to 1.25 mM, which corresponds to a base/catalyst molar ratio (B/C) of 2.5. With other base concentrations, the production of the secondary alcohol was lower. Interestingly, the initial rates with base concentrations of 0.50 and 1.25 mM were similar, but in the first case the reaction stopped almost completely after about 2 h. The difference between the initial and final ee values increased with the base concentration. It was the largest when 2.50 mM of base were used.


Figure 5. Conversion and ee vs. time plots for different base concentrations with the RB-Ru-RM complex as catalyst. Conditions: 100 psi of H2, room temperature, 1 mmol acetophenone, 20 mL IPA, base t-BuOK and 0.01 mmol of catalyst.
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Figure 6. Effect of the base concentration upon conversion and ee with the RR-Ru-RM catalyst. Conditions: 100 psi of H2, room temperature, 1 mmol acetophenone, 40 mL IPA, base t-BuOK and 0.01 mmol of catalyst.
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To address the origin of the loss in activity of the catalysts, an additional experiment was conducted. After the last sampling at 23 h with the RB-Ru-RM complex and 1.25 mM of base, acetophenone (1 mmol) was added again to the reactor. After another 5 h of reaction the analysis of the reaction media showed that there had been no further reaction. This result led us to conclude that there was catalyst deactivation rather than product inhibition. If the latter were occurring, there would have been some extra production of the secondary alcohol. An example of product inhibition was reported during the oxidation of alcohol to aldehyde catalyzed by Bis(pyridyl)siloxane Pd(II) complex [14].



With the RT-Ru-RM complex, shown in Figure 6, the effect of the base concentration can be broadly divided in two zones. For reaction times smaller than 20 h, the use of high base concentrations resulted in lower initial reaction rates, but at larger reaction times there was a crossover in the conversion-time behavior, which made the use of higher base concentrations more favorable. As to the ee values, they varied according to the base concentration, the larger the base concentration, the larger the initial ee and its decay. These results stress the importance of doing a full analysis of the time evolution of this type of reaction. Unfortunately, it is customary to reach conclusions based on one-point samplings. In this case, as shown in Figure 6, the opposite conclusions can be derived depending on whether the results are analyzed before or after 20 h of reaction.



Sandoval et al. [15] report that the initial reaction rate depends on the base concentration and that there is an optimum, but in their case the ee remains constant. In our case, the base concentration seems to influence not only the initial reaction rate but also the final conversion level and the decay in ee. This implies that the deactivation of the catalysts depends upon the base concentration. In a recent review of the enantioselective reduction of ketones catalyzed by Noyori and Noyori-Ikariya bifunctional catalysts [16], it is stated that the base concentration can affect the formation of the major product originated by a diastereomeric transition state that is stabilized either by N-H···π or N-K···π ligand-aromatic ring non-covalent attractive interactions in the catalysts-substrate complex and/or the absence of steric constrains. A dependence of the ee on the base concentration has been reported by other authors. Abdur-Rashid et al. [8] found that by adding t-BuOK in excess the ee values increased but no explanation was given. In a more recent work, Abbel et al. [17] conducted several experiments to address the variation in ee observed during reaction. The authors varied the initial proportion of different Ru complex isomers (t,c-3a, Λc,c-3a and Δc,c-3a, nomenclature used in their work) in the asymmetric hydrogenation of acetophenone. They observed that by having a larger proportion of the t,c-3a isomer, the conversion towards 1-phenylethanol increased and the ee was constant at 63% (S). However, if they continued the same experiment for longer times, the additional isomers (Λc,c-3a and Δc,c-3a) began to contribute to the reaction, and that led to higher conversions of the secondary alcohol but to a decrease in ee values (50–30% (S)). This suggests that the Λc,c-3a and Δc,c-3a isomers were active for the hydrogenation of the substrate, but their capability to do it asymmetrically was lower than that of the t,c-3a complex.



To rationalize our results, it is plausible to assume there is isomerization of the Ru complex during reaction and that would affect the ee and result in deactivation, providing an explanation of the experimental observations. To test this assumption, the experimental results were fitted to a kinetic + deactivation model in the next section.




2.3. Kinetic Model with Deactivation


There has been much study of deactivation in the case of solid catalysts as shown in recent reviews [18,19], but that is not the case for homogeneous catalysts in solution. In the present study, an analysis of the conversion-time results indicates that there is a different degree of residual activity after the initial fast decay. We tested a kinetic model that includes deactivation with residual activity [20] and found that first order kinetics for the substrate, coupled with first order deactivation, was the best model for fitting our experimental results. The equations representing our experimental setup (batch reactor at constant volume and pressure) are:
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(1)
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(2)







Here, CA is the concentration of acetophenone, kc is the rate constant, kd is the deactivation constant, a is the activity of the catalyst and ass is a residual activity. Equations (1) and (2) are a case of the so-called separable deactivation kinetics and their solution, using as initial conditions that CA = CAo and ao = 1 at t = 0, is given as Equation (3):
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(3)







The parameters kc, kd and ass of Equation (3) were determined from a non-linear least squares fit (Mathematica, version 10, Wolfram Research, Champaign, IL, USA). The adjusted curves are plotted against the experimental values in Figure 7. It is evident that there is excellent agreement. The fitted parameters for the different experimental condition are summarized in Table 1. A direct comparison of the fitted parameters under the same experimental conditions for all the catalysts can be analyzed on entries 1, 2, 3 and 4. The complexes bearing the MAB ligand were the best catalysts to produce the secondary alcohol, as their kc values were the highest. In addition, the dynamics of the main reaction and of the complex deactivation were of the same order of magnitude, as can be appreciated from the kc and kd values. On the other hand, the catalysts with the ligand DABN resulted in lower acetophenone conversions, and their kc values were smaller when compared to the complexes with MAB.


Figure 7. Fit of the experimental data with the deactivation model (Equation (3)). Conditions: 100 psi of H2, room temperature, 1 mmol acetophenone, 20 mL isopropanol (IPA), 1.25 mM t-BuOK and 0.01 mmol of catalyst.
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Table 1. Summary of the experimental condition and the resulting parameters for the kinetic model with deactivation.







	
Entry

	
Complex

	
IPA

mL

	
Base (mM)

	
kc (h−1)

	
kd (h−1)

	
ass

	
TOF (h−1) 1






	
1

	
RB-Ru-RD

	
20

	
1.250

	
0.402

	
0.773

	
0.063

	
40.2




	
2

	
RT-Ru-RD

	
20

	
1.250

	
0.913

	
2.22

	
0.033

	
91.3




	
3

	
RB-Ru-RM

	
20

	
1.250

	
1.183

	
1.151

	
0.032

	
118.3




	
4

	
RT-Ru-RM

	
20

	
1.250

	
1.935

	
1.98

	
0.031

	
193.5




	
5

	
RB-Ru-RM

	
20

	
0.500

	
1.627

	
2.222

	
0.003

	
162.7




	
6

	
RB-Ru-RM

	
20

	
2.500

	
0.383

	
0.644

	
0.019

	
38.3




	
7

	
RT-Ru-RM

	
40

	
0.625

	
2.422

	
1.697

	
0.012

	
242.2




	
8

	
RT-Ru-RM

	
40

	
2.500

	
1.907

	
1.806

	
0.021

	
190.7




	
9

	
RT-Ru-RM

	
40

	
5.000

	
1.213

	
2.047

	
0.052

	
121.3








1 Calculated with TOF initial = (kc·NA0)/NRu; NA0 = initial moles of acetophenone and NRu = initial moles of Ru. In all cases 1 mmol of acetophenone and 0.01 mmol of catalyst were used, together with the proper amount of t-BuOK and IPA. ass is dimensionless.








The fitted parameters are a function of the base concentration for the RB-Ru-RM catalyst, as seen in entries 3, 5 and 6. Under entry 3 conditions, there was an optimum base concentration for which kc was slightly larger than kd and ass was the largest. This corresponds to the higher conversion profiles observed in Figure 5. The base concentration affected the performance of the RT-Ru-RM catalyst and that can be concluded from the analysis of the fitted parameters in entries 7, 8 and 9. When the base concentration increased, deactivation was more noticeable, i.e., high kd and low kc values. Interestingly, the presence of higher kd leads to a faster approach to the residual activity, and since the ass for the entry 9 was the largest, the conversion reached was the highest at shorter reaction time (Figure 6).




2.4. Mechanistic Considerations


A representation of the different steps occurring during reaction is shown in Scheme 1 (more details of the catalyzed pathway can be found in reference [21]). Initially, the pre-catalyst 1 is transformed into the catalyst 2. Then, the catalyst hydrogenates the substrate and is transformed into 3. The product of the reaction is mainly the R enantiomer but as the time of reaction increases, the structure-directing ability of the catalyst to produce the R enantiomer decreases. At the end of the reaction cycle, part of the species 3 is regenerated by hydrogen and another fraction is converted to an inactive species. The species 3 has a square based pyramidal geometry and it can form an isomer with trigonal bipyramidal geometry. The latter species is probably difficult to be regenerated with H2, hence leading to overall deactivation. Such isomerization can proceed via the Berry pseudorotation [22].



Although the mechanism proposed cannot be ascertained based only on kinetics, it is based on reasonably well established ideas in the field. On the other hand, the kinetic model developed here allows to compare the interplay between reaction and deactivation through the analysis of the values for kc, kd and ass. These are sensitive to the structure of the catalyst and to the experimental conditions used. Besides the use of novel complexes as catalysts, this is the first report of the modeling of deactivation for asymmetric hydrogenation catalyzed by Ru complexes in solution.





3. Materials and Methods


All the manipulations of the reagents were carried out using Schlenk techniques inside a glove bag filled several times with N2. (R)-BINAP, (R)-Tol-BINAP ((R)-2,2′-Bis(di-p-tolylphosphino)-1,1′-binaphthyl), RuCl2(η6-C6H6) dimer, (R)-DABN ((R)-(+)-1-1′-Bi(2-naphthylamine)), acetophenone, potassium terbutoxide (t-BuOK), dimethylformamide (DMF) and anhydrous isopropyl alcohol (IPA) were purchased from Sigma-Aldrich Química (Toluca, MX, Mexico). (R)-MAB ((R)-6,6′-dimethyl-2,2′-diaminobiphenyl) was synthesized according to previous reports [23,24]. 31P Nuclear Magnetic Resonance in the liquid state (CDCl3 as solvent) was performed in a Bruker spectrometer (Avance III 500, resonance frequency of 1H 500 MHz, Bruker Mexicana, Ciudad de México, Mexico). The IR spectra were acquired in a Bruker FTIR spectrometer (Tensor 27, Bruker Mexicana, Ciudad de México, Mexico) from KBr pellets. The products of reaction were analyzed by Gas Chromatography (HP 5890, Agilent Technologies Mexico, Ciodad de Mexico, Mexico) with a chiral column (cp-chirasildex-cb 7502). The final configuration was determined by comparison with standards ((R) and (S) 1-phenylethanol also purchased from Sigma-Aldrich Química).



3.1. Synthesis of the Complexes


Preparation of (R)-BINAP-Ru-(R)-DABN complex (RB-Ru-RD): We followed the procedures reported by Ohkuma et al. [25] and Grasa et al. [7] with some minor modifications. (R)-BINAP (0.3 mmol) and of RuCl2(η6-C6H6) dimer (0.15 mmol) were mixed in a Schlenk flask and DMF (12 mL) was then poured in. The solution was heated to 115 °C during 3 h and then cooled to room temperature. To this mixture (R)-DABN (0.3 mmol) was added, and the resulting solution was left under stirring overnight. DMF was removed under vacuum while keeping the temperature constant at 40 °C.




3.2. Procedure for the Hydrogenation of Acetophenone


The model reaction used to test the complexes was the hydrogenation of acetophenone (Figure 2). The expected product, 1-phenylethanol, is employed in the pharmaceutical and fragrances industries [26,27]. Typically, the desired amounts of complex (0.01 mmol) and of t-BuOK were poured in the reactor, followed by IPA (20 or 40 mL) and then acetophenone (1 mmol). The reactor was flushed 5 times with pure H2 before the pressure was set at 689.5 kPa (100 psi) to begin the reaction at room temperature. Samples were withdrawn during the reaction to obtain the conversion vs. reaction time data.




3.3. Parameter Estimation for the Kinetic Model with Catalyst Deactivation


We used the integral method to analyze the kinetics of acetophenone hydrogenation. As the deactivation Equation (2) is independent, it was first integrated and simplified to give Equation (4) for the activity
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(4)







Equation (4) was substituted in Equation (1) to give Equation (5):
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(5)







Integration of Equation (5) resulted in:
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(6)







Applying the definition of conversion, Equation (3) was obtained:
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(7)







The kc, kd and ass parameters were determined from a non-linear least-squares fit of Equation (3) using the Levenberg-Marquardt algorithm option in Mathematica (version 10, Wolfram Research). As this involves an iterative process, we used different seed values for the parameters in order to assure that the converged solution was optimal.





4. Conclusions


Four complexes of the type bisphosphine/diamine-Ru were used as catalysts for the asymmetric hydrogenation of acetophenone. The diamine ligands employed have axial chirality similar to the bisphosphine ligands normally employed. The role of each ligand in the catalyst was assigned according to our experimental observations. The diamine ligand had a major influence on the conversion reached, while the bisphosphine ligand affected the ee values. The catalysts behave in a singular way because the base concentration affects the initial reaction rates and subsequent deactivation. A first order kinetic model that includes deactivation was proposed, and it fitted the experimental observations with very good agreement. Deactivation was modeled as a first order process with residual activity. This is one of the few studies where deactivation is modeled using this type of catalyst. A scheme for the structural changes in the complexes during reaction, based on generally accepted knowledge in the field and the deactivation model, is proposed to explain the transient variations in ee and conversion during the asymmetric hydrogenation of acetophenone in solution catalyzed by bisphosphine/diamine Ru complexes.
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Scheme 1. Proposed steps involved in asymmetric hydrogenation considering one active site and deactivation. For clarity, the complete structure of the ligands is omitted. 
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