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Preface This volume of Catalysis of Organic Reactions compiles 57 papers presented at the 21st conference organized by the Organic Reactions Catalysis Society, (ORCS) (www.orcs.org). The conference occurred on April 2-6, 2006 in Orlando, Florida, where these papers reported on significant recent developments in catalysis as applied to production of chemicals. Each of the papers documenting these developments and published here was edited by ORCS members (drawn from both academia and industry) and was peerreviewed by experts in related fields of study. The volume is organized into the following sections reflecting symposia in the conference program (including papers presented as posters): I- Catalysis in Organic Synthesis II- Catalytic Oxidation III-Catalytic Hydrogenation IV- Novel Methods in Catalysis of Organic Reactions V- Acid and Base Catalysis VI-“Green” Catalysis VII-Other Topics in Catalysis The Catalytic Hydrogenation section includes the 2006 Murray Raney Award Lecture by Professor Isamu Yamauchi, Osaka University, Japan. Similarly the Novel Methods section features an invited lecture by Gadi Rothenberg, University of Amsterdam, the 2006 Paul N. Rylander Award winner. 2005 Rylander Award winner Jean-Marie Basset is also acknowledged for presenting a lecture in the symposium on Catalysis in Organic Synthesis. A number of recent emerging themes in catalysis appeared repeatedly in the various symposia. Examples include novel homogeneous and immobilized organometallic catalysts, semi-empirical calculation methods for catalyst selection, and synthetic processes based on “renewable”, agriculturally-derived feedstocks (e.g. oils and sugars). There is a remarkable diversity of topics, some of which defied our simple attempts at sorting into a small number of categories. This reflects the current degree of specialization within our broad subject area. Support from our sponsors greatly contributed to a successful conference. Specifically we thank these organizations: W. R. Grace (Davison Catalysts), Parr Instrument, Degussa, North American Catalysis Society, ACS-PRF, Air Products and Chemicals, CRI Catalysts, Engelhard,, Eli Lilly & Co., Merck & Co., Süd Chemie, Umicore, Amgen and Nova Molecular Technologies, Inc. As Chairman I greatly appreciate the dedication, teamwork and perseverance exhibited by our ORCS Board members Alan Allgeier, Mike Ford, Anne Gaffney, Kathy Hayes, Steve Jacobson, Yongkui Sun, John Super, and Angelo Vaccari, and Executive Committee members Mike Prunier, Helene Shea, and John Sowa. And finally I am most thankful to my wife Zsuzsanna and son Tim for their unending support, tolerance, and love during my tenure as chairman and editor-in-chief.
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Abstract Heterogenization of homogeneous metal complex catalysts represents one way to improve the total turnover number for expensive or toxic catalysts. Two case studies in catalyst immobilization are presented here. Immobilization of Pd(II) SCS and PCP pincer complexes for use in Heck coupling reactions does not lead to stable, recyclable catalysts, as all catalysis is shown to be associated with leached palladium species. In contrast, when immobilizing Co(II) salen complexes for kinetic resolutions of epoxides, immobilization can lead to enhanced catalytic properties, including improved reaction rates while still obtaining excellent enantioselectivity and catalyst recyclability. Introduction Supported metal complexes (1) have been studied for many years due to their potential for combining the best attributes of both homogeneous and heterogeneous catalysis – high reaction rates and selectivities coupled with easy catalyst recovery. Unfortunately, in many cases, immobilized metal complex catalysts display the disadvantages of each class of catalysts, poor recyclability due to catalyst leaching, low reaction rates due to diffusional limitations, and poor selectivities due to the presence of multiple types of active sites. Indeed, although hundreds of different metal complexes have been immobilized on virtually every type of known catalyst support, supported metal complex catalysts still are relatively poorly understood compared to the more typical homogeneous (e.g. soluble metal complexes) and heterogeneous (e.g. supported metals) catalysts that dominate commercial processes. To this end, we have undertaken a detailed, long-term investigation of two families of supported metal complex catalysts, supported Pd pincer complexes for use in C-C couplings such as Heck and Suzuki reactions and supported Co salen complexes for epoxide ring-opening reactions. These two catalyst systems represent interesting targets for detailed study. Pd(II) pincer palladacycles have been proposed in the literature to be well-defined, stable Pd(II) catalysts that are active in Heck or other coupling reactions (2-7), potentially via a controversial Pd(II)-Pd(IV) catalytic cycle (8). Here we summarize our studies of supported Pd(II) PCP and SCS pincer
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complexes on both insoluble (porous silica) and soluble supports (polymers). Co(III) salen complexes represent powerful enantioselective catalysts for epoxide ringopening reactions (9). In this case, the design of the proper support is of paramount importance, as the transition state of the reaction involves two Co salen centers, and hence the supported system must be able to accommodate such a transition state. Here we explore our use of different soluble polymeric supports of differing backbone and side-chain structure and evaluate the role of the support on the catalytic properties in the hydrolytic kinetic resolution of rac-epichlorohydrin.



Results and Discussion A variety of Pd(II) palladacycle complexes have been reported over the past decade for applications in Heck, Suzuki and other coupling reactions (10). These precatalysts appeared quite stable under reaction conditions and little evidence was observed for the formation of Pd(0), the usual form of active palladium in these coupling reactions. For this reason, a new catalytic Heck cycle was hypothesized to account for the catalytic activity observed when using these precatalysts a Pd(II)Pd(IV) cycle, rather than the usual Pd(0)-Pd(II) cycle. Over the last 5-7 years, it has been systematically shown that bidentate palladacycles based on SC, NC and PC ligands (Figure 1) decompose to liberate soluble, ligand-free Pd(0) that is the active catalyst (11-17). However, up until 2004, tridentate palladacycle such as Pd(II) pincer complexes of NCN, SCS, or PCP ligation (Figure 1) had still been thought to potentially be stable complexes that catalyze the Heck coupling by a Pd(II)-Pd(IV) cycle (18-19). Here we share our recent results that conclusively show that SCS (2021) and PCP (22) Pd(II) pincer complexes decompose to liberate soluble catalytic Pd(0) species, and that solid-supported Pd(II) pincers simply represent reusable soluble precatalyst sources, rather than the previously hypothesized stable recyclable catalysts (20-23). 1
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Figure 1 Homogeneous palladacycle complexes commonly used in Heck couplings. A variety of SCS and PCP Pd(II) pincer complexes were prepared and immobilized on polymer or silica supports. (Figure 2 shows supported PCP complexes on poly(norbornene) and silica). Insoluble supports such as mesoporous silica and Merrifield resins along with soluble supports such as poly(norbornene) allowed for generalization of our observations, as all immobilized catalysts behaved similarly. The application of poisoning tests, kinetics studies, filtration tests, and
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three-phase tests in the coupling of iodobenzene and n-butyl acrylate showed that only Pd(0) species that leached from the supports were active. In particular, the use of poly(vinylpyridine) as a unique poison for only soluble, leached species was used to conclusively show for the first time that there was no catalytic activity associated with intact, immobilized Pd(II) pincer species (20-22). Mechanistic studies of the precatalyst decomposition pathway combining both experimental and computational efforts outlined one potential pathway for liberation of free palladium species (22).
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Figure 2 Immobilized PCP Pd(II) pincer complexes used in our Heck couplings. Other SCS and PCP pincers were also studied. Our studies, as well as those of other authors, rule out the possibility of effectively using immobilized pincer complexes as recoverable and recyclable catalysts in a variety of coupling reactions that include a Pd(0) intermediate including Heck (20-25) and Stille (26) couplings. However, immobilized pincer species still find utility in reactions where a M(0) species is not required, for example, in the work of van Koten (27) and others (28). This conclusion is important because these complexes represented almost the last of the Pd(II) complexes that were thought to be truly stable under reaction conditions (Nheterocyclic carbene based CNC pincer complexes still have not been shown to decompose (29)), and thus the concept of using immobilized metal-ligand complexes of this type as stable, recyclable catalysts may not be generally feasible using currently known, well-defined metal-ligand complexes. The knowledge that all known precatalysts, where the mechanism has been clearly elucidated, operate by a Pd(0)-Pd(II) cycle now suggests that immobilization of discrete metal-ligand complexes may hinge on the development of ligands that effectively bind and stabilize Pd(0). Indeed, this suggests that other routes for obtaining high turnover numbers may be more attractive commercially, including application of homeopathic palladium (30) or supported Pd(0) metal particles (31-32). For difficult to activate reactants, Pd(II) homogeneous complexes will also continue to be important (31). Nonetheless, supported forms of precatalysts like SCS and PCP pincers may still provide utility in the production of fine chemicals if they are applied as recoverable, recyclable materials that slowly release soluble, active Pd(0) species. Knowledge that the above catalysts operate by a Pd(0)-Pd(II) mechanism might dissuade the catalyst designer from immobilizing Pd(II) precatalysts on solid supports in the hope of achieving stable, solid catalysts. However, mechanistic knowledge in other cases can encourage the designer to create new, supported forms of catalysts. In the case of Co(III) salen complexes, it has been shown the transition
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state of the reaction involves two Co salen centers (9). Given this knowledge, Jacobsen has shown that the design of homogeneous complexes based on Co salen dimers (34), dendrimer-immobilized Co salens (35), and cyclic oligomeric Co salens (36) give enhanced catalytic rates as a consequence of facilitating the bimolecular transition state. Thus, proper design of immobilized Co salen catalysts could allow for not only enhanced activity compared to the homogeneous complex but also increased turn-over numbers if the catalyst can be recycled. Polymer-supported Co salens have been reported, having been synthesized via two strategies, (i) grafting reactions of salen ligands onto insoluble supports such as resins (37-38), or (ii) polymerizations of salen monomers (39-43). The first method is often realized using a multi-step grafting route, suffering from the coexistence of ill-defined species in the polymers and relatively low catalyst loading. Therefore, the second method may be considered advantageous compared to the first, yet it has been practiced only with symmetrical salens as monomers. While salens with C2 symmetry are readily available from a synthetic point of view, polymerization or copolymerization of such monomers introduces the salen cores along the main-chain or as a crosslink of the polymer matrix, respectively, which undesirably hinders the accessibility and flexibility of the catalytic sites. Therefore, in comparison with their homogeneous counterparts, the polymer-bound salen complexes often exhibit poor enantio-control and reduced reactivity. We have derived two soluble polymer supported Co salen catalysts for the hydrolytic kinetic resolution (HKR) of racemic epichlorohydrin that contain side-chains functionalized with pendant Co(III) salen complexes. The first system is based on a poly(norbornene)-supported Co salen and the second system is based on a poly(styrene) backbone. For the poly(norbornene) system, a homopolymers and several different copolymers were prepared (44), with varying fractions of Co salen side-chains and spacer side-chains (Figure 3, copolymer 1a-c and homopolymer 1d). For the poly(styrene) system, both homopolymers of salen-containing monomers and copolymers with styrene (45,46) were prepared (Figure 3, copolymer 2a-c and homopolymer 2d).
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Figure 3 Immobilized Co(II) salen complexes are oxidized to Co(III) and utilized in the hydrolytic kinetic resolution of rac-epichlorohydrin.
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In the HKR of rac-epichlorohydrin, the Co(III) norbornene polymers 1a-d were dissolved in a mixture of methylene chloride, reactant and chlorobenzene as an internal standard, followed by the addition of 0.7 equivalents of water to start the resolution. The addition of some methylene chloride as a solvent was necessary because the copolymers were not fully soluble in the epoxide. The reaction kinetics were studied via chiral GC-analysis. Using either the homopolymer 1d or the two copolymers 1a and 1b, the (R) epoxide was fully converted after five hours to its corresponding diol, leaving pure (S) epoxide in the reaction mixture in above 99% enantiomeric excess. After this time period, 55% of the racemic epoxide was converted, meaning that all of the unwanted (R) enantiomer was consumed while only 5% of the desired epoxide was converted. This selectivity is similar to the original Jacobsen Co(III)OAc salen catalyst (53% conversion, >99% ee under solvent-free conditions). The epoxidation rates with 1a and 1b were slightly higher than the ones using 1d. This observation may seem to go against the hypothesis that the reaction involves a bimetallic mechanism for the HKR, however, we suggest that the result may be a consequence of the higher backbone flexibility of the copolymers in comparison to the sterically more congested homopolymer. It is clear, however, that the density of the salen complexes in the copolymers is also important, as further dilution of the salen-moieties along the polymer backbone via use of 1c resulted in a dramatic drop of the activity, with only 43% conversion and 80% ee after five hours). This result suggests that the extreme dilution of the catalytic moieties along the polymer backbone results in decreased reaction rates due to the low probability of two complexes being in close proximity, a prerequisite for the bimetallic catalytic pathway. While the poly(norbornene) system represents an easy to manipulate polymeric support as it can be prepared via a living polymerization and the polymerization process is tolerant to a wide array of functional groups, it also represents a relatively expensive way of immobilizing a catalyst. To this end, we pursued poly(styrene) systems as well. The conversions and enantiomeric excesses (ee) of the substrate in the HKR of rac-epichlorohydrin using the styrene polymers 2b, 2d and the homogeneous Co salen complex were again monitored by GC analysis. The catalytic data are presented in a kinetic plot of ee vs. reaction time in Figure 4. All the poly(styrene)-supported catalysts are highly reactive and enantioselective for the HKR of epichlorohydrin. As shown in Table 2, the copolymer-supported catalysts 2b and 2c showed the most desired catalytic performances. The remaining epichlorohydrin was determined to have enantiomeric excesses higher than 99% within one hour with a conversion of 54%. In comparison, the homogeneous Co(III) salen catalyst gave 93% ee in 49% conversion under the same reaction conditions and it took 1.5 h for it to reach >99% ee. It is noteworthy that the copolymersupported catalysts 2a-c in general exhibited improved reactivity and enantioselectivity compared with the homopolymer 2d. We attributed this observation to the greater complex mobility in the copolymer-bound salen catalysts. Dilution of the salen moieties in the poly(styrene) main-chain might make the catalytic sites more accessible to the substrate. In addition, the copolymers might have more flexible polymer backbones that would increase the possibility of
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intramolecular cooperation between cobalt catalytic sites. Clarification of the role of polymer structure on the observed (improved) catalytic properties continues to be a subject of ongoing investigation.
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Figure 4 Kinetic plot of the HKR of rac-epichlorohydrin using the homogeneous and poly(styrene) supported Co(III) salen catalysts. A key motivation for developing immobilized metal complexes lies in their potential for facile recovery and reuse in subsequent reactions. The recycling of the copolymer-bound Co(salen) complex 2b (Table 2) was studied by precipitation of the catalyst after the HKR of epichlorohydrin by the addition of diethyl ether. The precipitated catalyst was reactivated with acetic acid and then reused under identical conditions to the first run. Whereas the enantioselectivity of the reused catalyst essentially did not change after four cycles, the catalytic reactivity decreased gradually. To evaluate whether the deactivation was due to leaching of catalyst, more racemic epichlorohydrin and water were charged into the pale yellowish organic phase from the workup of the first catalytic run of precatalyst 2b. About 4% additional epichlorohydrin was consumed in sixty minutes. Further control experiments showed that no background reaction was detected in the absence of the catalyst or in the presence of the non-metallated salen polymer. These results indicated that, at least in part, the loss of catalysts during workup was responsible for the observed deactivation on recycle (45). It is not clear what the role of other factors such as potential morphological changes of the polymers have on the long
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term performance characteristics of the catalysts. continuing study.



This represents an area of



Table 1 Catalytic data for homogeneous and poly(styrene) supported Co(III) salen complexes in the HKR of rac-epichlorohydrin. Entry 1



Catalyst homogeneous



2



2d



3



2a



4 5



2b 2c



Time [h] 1.0 1.5 1.0 2.0 1.0 1.5 1.0 1.0



Conv. [%] 49 52 48 55 50 54 54 54



ee [%] 93 >99 83 >99 90 >99 >99 >99



Table 2 Recycle of the poly(styrene) supported Co(III) salen complex 2b in the HKR of rac-epichlorohydrin. Cycle 1 2 3 4



Time [h] 1.0 1.5 2.0 2.0



Conv. [%] 54 55 55 53



ee [%] >99 >99 >99 98



Compared to existing salen systems, our new polymer-immobilized complexes perform better than the homogeneous complex due to the increased probability for bimolecular interactions among the salen complexes (Table 1). However, the cyclic oligomeric salen complexes previously described still display superior reactivity in the epoxide ring-opening reactions (36). A disadvantage of the cyclic oligomer systems is that they are more difficult to recycle via the method described here, as the low molecular weight of these catalysts makes precipitation problematic. Normally, these low molecular weight catalysts have been recycled on the bench scale by removing the volatile reactants followed by the addition of more starting material to the reaction vessel and without the isolation of the catalytic species (47). In contrast, our polymeric Co(salen) complexes, besides the desirable catalytic performance in the HKR, hold the advantage of more facile product separation and catalyst recycling (Table 2). Hence, these supported catalysts are particularly suitable for the kinetic resolution of epoxides (e.g., epichlorohydrin) that are prone to racemization in the presence of the catalysts. For larger scale
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production, it is anticipated that both the polymeric systems could be utilized in a membrane reactor to achieve high turnover numbers. Experimental Section Immobilized Pd(II) pincer complexes were prepared as described previously (20-22). Heck couplings of iodoarenes and acrylates were carried out in DMF using tertiary amines as base and reaction kinetics were monitored as previously reported (20-22). Poly(norbornene)-supported Co(III)-Salen complexes (44) and poly(styrene)supported Co(III)-Salen complexes (45,46) were synthesized via newly developed procedures. In particular, a new, high-yielding, one-pot synthesis of nonsymmetrical salens was developed (46). Hydrolytic kinetic resolutions were carried out at room temperature and the products were characterized by chiral GC. Conclusions In this work we presented two case studies of immobilized metal complex catalysts in organic synthesis. It was demonstrated that immobilization of homogeneous complexes is neither a general solution to the problem of achieving high turnovers when using expensive or toxic metals, nor does immobilization always result in compromised catalytic properties. In the study of Pd(II) pincer complexes in Heck couplings, we show that the precatalyst decomposes to liberate soluble palladium species that are the true catalysts. In contrast, we show that immobilization of Co(III) salen complexes can lead to improved catalytic rates and excellent enantioselectivities in the HKR of epoxides. Thus, in one case, immobilization leads to the same or worse catalytic properties compared to the homogeneous case, whereas in the other, proper immobilization gives a better overall catalyst. Acknowledgements The U.S. DOE Office of Basic Energy Sciences is acknowledged for financial support through Catalysis Science Contract No. DE-FG02-03ER15459. The authors thank Profs Peter J. Ludovice and C. David Sherrill of Georgia Tech and Prof. Robert J. Davis at the University of Virginia for helpful discussions. References 1. 2. 3. 4.
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Abstract The molecular role of organotin promoters, which confer functional group tolerance on supported Re catalysts for olefin metathesis, was explored through spectroscopic and computational analysis, as well as kinetic studies. On dehydrated silica and silica-alumina, the addition of SnMe4 results in two surface reactions: (i) in situ generation of MeReO3; and (ii) capping of Brønsted acid sites. The former is responsible for catalytic activity towards polar α-olefins; thus, an independentlyprepared sample of MeReO3/silica-alumina catalyzed the homometathesis of methyl3-butenoate. The latter stabilizes the catalyst: in sequential batch reactor tests involving propylene homometathesis, MeReO3 deposited on silica-alumina capped with hexamethyldisilazane (to eliminate Brønsted acidity) showed activity identical to that of the perrhenate/silica-alumina catalyst promoted with SnMe4. Thus, a completely Sn-free catalyst performs metathesis as efficiently as the organotincontaining perrhenate catalyst. Introduction Catalysts for olefin metathesis are used in relatively few large-scale industrial processes (e.g., SHOP, OCT). A few more applications are found in specialty chemicals (e.g., neohexene) and engineering plastics (e.g., PDCD). The economics of practicing metathesis on a commercial scale are impacted by the low activation efficiency and rapid deactivation of known heterogeneous catalysts, typically Mo, W or Re dispersed as oxides on supports such as silica and alumina. Furthermore, these catalysts are intolerant of polar functional groups, making it impossible to extend metathesis processing to biorenewable feedstocks such as seed oils. One notable exception is Re-based catalysts promoted by alkyltin or alkyllead reagents, which show modest activity for metathesis of functionalized olefins (1). However, once these catalysts deactivate, they are not regenerable by calcination. Thus there is considerable need for longer-lived, highly active heterogeneous catalysts that tolerate polar groups. The mechanism of the catalytic metathesis reaction proceeds via reaction of the olefin substrate with a metal carbene intermediate, which may be generated in situ
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(as is the case for heterogeneous catalysts based on supported metal oxides and early homogeneous catalysts based on mixtures of metal halide and a main group alkylating agent), or prior to addition of the substrate (as is the case for ‘welldefined’ homogeneous catalysts such as those of Grubbs’ and Schrock). A supported organometallic catalyst, MeReO3 on silica-alumina, has also been reported to show activity in olefin metathesis. In solution, MeReO3 does not react with α-olefins, nor does the silica-alumina support catalyze olefin metathesis. However, MeReO3 supported on silica-alumina is effective for the metathesis of both simple and functionalized olefins at room temperature, without further thermal or chemical activation (2-4). Deposition of white, air-stable MeReO3 either by sublimation or from solution onto calcined, dehydrated silica-alumina generates a brown, air-sensitive solid. Evidence from both EXAFS and DFT calculations suggest that Lewis acidic aluminum centers on silica-alumina represent the most favorable chemisorption sites (5). One Re=O bond is substantially elongated due to its interaction with a distorted four-coordinate Al site. Coordination of Re to an adjacent bridging oxygen also occurs, creating the rigidly-bound surface organometallic fragment shown in Scheme 1. Interaction with a Lewis acid is known to promote tautomerization of MeReO3 (6), leading (at least transiently) to a carbene. However, the participation of this carbene tautomer in initiating metathesis has not been established.



OH



O



Si



Re



O Si O



O



O O



Al O Si



CH3



O



OH O



Si O



O



Si Si



O



Si



Scheme 1 Structure of MeReO3 dispersed on the surface of dehydrated silicaalumina, as established by EXAFS and DFT (5). The role of SnR4 promoters in increasing activity and conferring functional group tolerance on supported perrhenate catalysts was originally suggested to involve in situ formation of organorhenium species such as RReO3 (2); however, direct evidence for their participation has not been previously sought. When a perrhenate/silica-alumina catalyst is treated with SnMe4, methane is evolved. This has been interpreted as evidence for carbene formation via double methylation of
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perrhenate, followed by α-H elimination. The formation of tin perrhenates has also been discussed (7). The question of the presence (or not) of tin in the active site is crucial, in view of the detrimental effect of tin on the ability to regenerate the deactivated catalyst. Experimental Section Materials. Methyltrioxorhenium, NH4ReO4 and Re2O7 were purchased from Aldrich and used as received. The silica-alumina was Davicat 3113 (7.6 wt.% Al, BET surface area 573 m2/g, pore volume 0.76 cm3/g), provided by Grace-Davison (Columbia, MD). For reactions involving MeReO3, silica-alumina was pretreated by calcination for 12 h under 350 Torr O2 at 450°C to remove adsorbed water, hydrocarbons, and carbonates, then allowed to cool to room temperature under dynamic vacuum. The silica was Aerosil 200 (BET surface area 180 m2/g, with no significant microporosity) from Degussa (Piscataway, NY). Hexamethyldisilazane (>99.5%, Aldrich) and tetramethyltin (>99%, Aldrich) were both subjected to several freeze-pump-thaw cycles to remove dissolved gases and stored over P2O5 in evacuated glass reactors. A solution of 0.25 mL methyl-3butenoate (Aldrich) in 2 mL dry hexanes (Fisher) was prepared under N2 and dried by stirring over P2O5 before use. Propylene (99.5%, polymer grade, Matheson TriGas) was purified by passing through a trap containing BTS catalyst (Fluka) and activated molecular sieves (4 Å, Aldrich), and was stored in a Pyrex bulb over activated sieves. Catalyst preparation. All operations were performed with strict exclusion of air and moisture, either on a high vacuum line (base pressure 10-4 Torr) or in a N2-filled glove box equipped with O2 and moisture sensors. Silica-alumina-supported perrhenate catalysts were prepared by stirring silica-alumina with aqueous ammonium perrhenate, air-drying at 80oC for >1 hr then drying under dynamic vacuum at 450oC for 4 hrs, followed by calcination in 250 Torr O2 at 450°C for 16 h, heating under dynamic vacuum at 450oC for 1 hr, and cooling to room temperature under vacuum. MeReO3 was deposited on calcined silica-alumina either by vapor deposition under reduced pressure, or from a solution of dry hexanes (1 mg/mL) prepared under N2. In both methods, the white silica-alumina acquired a light brown color and became highly air-sensitive. Re loadings were determined by quantitative extraction, followed by UV spectrophotometric analysis. Samples containing ca. 30 mg silica-alumina were first weighed in an inert atmosphere. (The mass of calcined silica-alumina increases up to 15% upon exposure to air, due to adsorption of atmospheric moisture.) Re was extracted as perrhenate by stirring overnight in air with 5 mL 3 M NaOH. Samples were diluted to 25 mL with 3 M H2SO4 and filtered. The Re concentration was determined at 224 nm, using a calibration curve prepared with NH4ReO4.
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Capping. Capped silica-alumina was prepared by vapor phase transfer of hexamethyldisilazane (≥ 99.5%, Aldrich) onto calcined silica-alumina until there was no further uptake, as indicated by stabilization of the pressure. The reactor was evacuated and the material heated to 350°C under dynamic vacuum for 4 h to remove ammonia produced during the capping reaction. Kinetics. The catalysts were loaded into a glass batch reactor (volume ca. 120 mL) in a glovebox. The reactor was removed from the glovebox and evacuated. The section of the reactor containing the catalyst was immersed in an ice bath at 0°C in order to control the rate of the reaction on a readily-monitored timescale, as well as to maintain isothermal reaction conditions. Propylene was introduced at the desired pressure via a high vacuum manifold. Aliquots of 1.9 mL were expanded at timed intervals into an evacuated septum port that was separated from the reactor by a stopcock. 50 μL samples of the aliquot were removed with a gas-tight syringe via a septum. Gases were analyzed by FID on a Shimadzu GC 2010 equipped with a 30 m Supelco® Alumina Sulfate PLOT capillary column (0.32 mm i.d.). Quantitation was achieved using the peak area of the small propane contaminant present in the propene as an internal standard. Computational analysis. Calculations were performed on an Intel Xeon computer running Linux, as well as the VRANA-5 and VRANA-8 clusters at the Center for Molecular Modeling of the National Institute of Chemistry (Ljubljana, Slovenia), using the DFT implementation in the Gaussian03 code, Revision C.02 (8). The orbitals were described by a mixed basis set. A fully uncontracted basis set from LANL2DZ was used for the valence electrons of Re (9), augmented by two f functions (ζ = 1.14 and 0.40) in the full optimization. Re core electrons were treated by the Hay-Wadt relativistic effective core potential (ECP) given by the standard LANL2 parameter set (electron-electron and nucleus-electron). The 6-31G** basis set was used to describe the rest of the system. The B3PW91 density functional was used in all calculations. Results and Discussion Reaction of silica-supported perrhenate with SnMe4. Computational analysis of the reaction of oxide-supported perrhenates with SnMe4 was accomplished using cube models to represent the oxide surface. Cage-like structures, such as the partially and fully condensed silsesquioxanes (10), are good computational models for siliconbased oxide surfaces because of their constrained Si-O-Si angles (11,12), and because of their oxygen-rich nature. Perrhenate was attached to a silsesquioxane monosilanol cube, Scheme 2, to represent the grafted site ≡SiOReO3. The optimized geometry displays a single SiO-Re attachment. Transmetalation of the perrhenate cube by SnMe4, resulting in displacement of MeReO3 and attachment of a trimethyltin fragment to the silsesquioxane framework, is slightly exothermic (by 4 kJ/mol).
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Scheme 2 Reaction of perrhenate attached to silsesquioxane cube (a computational model for the silica surface) with SnMe4 is predicted to liberate MeReO3. Although perrhenate/silica is not itself active as an olefin metathesis catalyst, the model reaction shown in Scheme 2 is of interest because the expected product, MeReO3, does not chemisorb onto silica, and can therefore be recovered. To investigate this prediction, perrhenate/silica was prepared according to a literature method (13). A sample of silica was first calcined at 1100 °C for 23 h to generate strained siloxane-2 rings (0.12/nm2), eq 1. This material was treated with Re2O7 vapor at 250°C under 250 Torr O2, to generate cleanly the silica-supported perrhenate in the absence of water, eq 2.
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This material (167 mg) was treated with 1 mL of a CDCl3 solution of SnMe4 (0.17 mM) at room temperature. Analysis of the supernatant by 1H NMR spectroscopy revealed a singlet at 2.63 ppm for MeReO3, in addition to a singlet at 0.081 ppm with 117Sn and 119Sn satellites, assigned to unreacted SnMe4. This experiment demonstrates that Me4Sn generates MeReO3 from grafted perrhenate sites, as predicted by Scheme 2. Reaction of perrhenate/silica-alumina with SnMe4. Silica-alumina is neither an admixture of silica and alumina, nor a poorly ordered aluminosilicate, but a solid solution that possesses both strong Lewis acidity and strong Brønsted acidity without bridging hydroxyls. Therefore, our computational model for silica-alumina consists of a silsesquioxane monosilanol cube in which one corner has been replaced by aluminum, to reproduce the Lewis acidity of the support. This substitution also enhances the acidity of the adjacent terminal silanol, creating Brønsted acidity. Perrhenate grafted to the aluminosilsesquioxane cube is shown in Scheme 3. In contrast to the simple C3v symmetry of the perrhenate/silsesquioxane model (Scheme 2), the optimized structure obtained for silica-alumina adopts a lower symmetry in order to accommodate a Lewis acid-base interaction between an oxo ligand of the grafted perrhenate fragment and the Al center.
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Scheme 3 Reaction of perrhenate on aluminosilsesquioxane cube (model for silicaalumina) with SnMe4 is predicted to form grafted MeReO3. Transmetalation of the perrhenate/aluminosilsesquioxane cube model with SnMe4 is considerably more exothermic than for the perrhenate/silsesquioxane cube model. A similar grafted trimethyltin fragment is formed, as is MeReO3; however, the latter is not liberated. It remains bound to the aluminosilsesquioxane cube via the Lewis acid-base interaction with the Al center. The optimized structure also contains a Lewis acid-base interaction between Re and an adjacent framework oxygen



Moses et al.



19



(AlOSi) of the cube. This predicted structure is practically the same as that determined experimentally by direct deposition of MeReO3 on amorphous silicaalumina, as demonstrated by EXAFS (5). Since MeReO3 chemisorbs irreversibly on silica-alumina, we did not expect to be able to retrieve it as a soluble species upon SnMe4 treatment of perrhenate/silicaalumina. However, exposure of this material to SnMe4 resulted in an immediate color change from white to brown, similar to that observed upon treatment of unmodified silica-alumina with MeReO3. Evidence for the possible involvement of the in situ-generated MeReO3 in olefin metathesis was then sought via reactivity studies. Metathesis of functionalized olefins. SnR4-promoted perrhenate catalysts are known to promote the metathesis of olefins bearing polar functional groups (1). The activity of silica-alumina-supported MeReO3 towards functionalized olefins was also tested, in the homometathesis of methyl-3-butenoate, eq 3. The reaction was conducted at 15°C in pentane. The progress of the reaction was followed by monitoring the evolution of ethylene in the head space, Figure 1, yielding the pseudo-first-order rate constant kobs = (1.3 ± 0.3) x 10-3 s-1. The presence of the nonvolatile dimethyl ester of hex-3-enedoic acid in the liquid phase was confirmed at the end of the reaction by GC/MS.
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Figure 1 Time-resolved evolution of ethylene during homometathesis of methyl-3butenoate, catalyzed by 10 mg MeReO3/SiO2-Al2O3 (8.8 wt% Re) in pentane at 15°C. The solid line is the curve-fit to the first-order integrated rate equation.
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Metathesis activity. A quantitative comparison of metathesis activities was made in the gas phase homometathesis of propylene. The reaction kinetics are readily monitored since all olefins (propylene, ethylene, cis- and trans-2-butylenes) are present in a single phase. Metathesis of 30 Torr propylene was monitored in a batch reactor thermostatted at 0 °C, in the presence of 10 mg catalyst. The disappearance of propylene over perrhenate/silica-alumina (0.83 wt% Re) activated with SnMe4 is shown in Figure 2a. The propylene-time profile is pseudo-first-order, with kobs = (1.11 ± 0.04) x 10-3 s-1. Subsequent additions of propylene to the catalyst gave a slightly lower rate constant, (0.67 ± 0.02) x 10-3 s-1. The pseudo-first-order rate constants are linearly dependent on Re loading, Figure 3. The slope yields the second-order rate constant k = (13.2 ± 0.2) s-1 (g Re)-1 at 0°C. A similar experiment was performed with MeReO3 supported on silica-alumina. However, prior to deposition of the organometallic catalyst, the support was first treated with hexamethyldisilazane (HMDS), eliminating Brønsted acid sites on the silica-alumina surface by converting them to unreactive silyl ethers (14). This serves to reproduce one of the effects of treating perrhenate/silica-alumina with SnMe4, since the latter is protonated by the hydroxyl groups to generate stannyl ethers and methane.
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Figure 2 Kinetics of gas-phase propylene homometathesis at 0°C, catalyzed by (a) perrhenate/silica-alumina activated by SnMe4 (10 mg, 0.83 wt % Re); and (b) MeReO3 on HMDS-capped silica-alumina (10 mg, 1.4 wt % Re). Solid lines are curve-fits to the first-order integrated rate equation. Solid squares: first addition; solid circles: second addition; open circles: third addition of propylene (30 Torr) to the catalyst.
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Figure 3 Dependence of pseudo-first-order rate constants measured at 0°C for propylene homometathesis, on the Re loading in 10 mg samples of two kinds of supported Re catalysts: SnMe4-promoted perrhenate/silica-alumina (solid circles) and MeReO3 on HMDS-capped silica-alumina (open circle). The rate of reaction of propylene over the MeReO3/HMDS/silica-alumina catalyst (1.4 wt% Re) is shown in Figure 2b. The profile is similar to that of the Snpromoted perrhenate catalyst, with kobs = (1.78 ± 0.09) x 10-3 s-1, and the activity responds similarly to subsequent additions of propylene. In fact, the pseudo-firstorder rate constant for the organometallic catalyst lies on the same line as the rate constants for the Sn-promoted perrhenate catalyst, Figure 3. Therefore we infer that the same active site is generated in both organometallic and promoted inorganic catalyst systems. Conclusions The molecular role of the SnMe4 promoter, which activates supported perrhenate metathesis catalysts and confers functional group tolerance, appears to be to generate MeReO3 in situ. The promoted inorganic catalyst is kinetically indistinguishable from an organometallic catalyst made directly from MeReO3. The organotin reagent simultaneously caps the surface hydroxyls, by a mechanism analogous to the reaction of HMDS with Brønsted sites. We conclude that a bimetallic (Sn/Re) active site is not required for the metathesis of polar olefins; consequently design of regenerable catalysts without Sn is feasible. Understanding the detailed mechanism of olefin metathesis by MeReO3 will be key to creating highly active and robust solid catalysts for the metathesis of functionalized olefins. Acknowledgements This work was funded by the U.S. Department of Energy, Basic Energy Sciences, Catalysis Science Grant No. DE-FG02-03ER15467.
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3. Catalytic Hydrogenation of a Schiff’s Base over Pd/Carbon Catalysts: Kinetic Prediction of Impurity Fate and Byproduct Formation Steve S.Y.Wang, William F. Merkl, Hyei-Jha Chung, Wendel Doubleday and San Kiang Process Research and Development, Bristol-Myers Squibb Company, One Squibb Drive, New Brunswick, NJ 08903-0191 [email protected] Abstract In situ reduction of Schiff’s bases is a common reaction used in the preparation of pharmaceutical intermediates. Muraglitazar (PPAR α/γ dual agonist) is being evaluated for the treatment of type II diabetes. We have recently carried out a large scale hydrogenation of an imine, prepared through the condensation of an aromatic aldehyde with an amine, to produce the final intermediate in the muraglitazar synthesis. Studies were carried out for better process understanding. We present a kinetic analysis using the Langmuir-Hinshelwood approach to model the complex reaction network. This knowledge has led to process conditions that minimize the formation of potential impurities, resulting in a more robust process. Introduction Intermediate C is prepared by a two-step telescoped reductive amination as depicted in the reaction scheme below. A solution of glycine methyl ester free base in methanol is generated from the corresponding hydrochloride and triethylamine. Schiff’s base B is formed by condensation of the free base with the aldehyde A. Catalytic hydrogenation of Schiff’s base is subsequently carried out at 40°C using 5%Pd/C and a hydrogen pressure of 45psig. With these process conditions, numerous impurities were identified. The impurity profile strongly depends on hydrogenation performance parameters related to the type of reactor, operating conditions, catalyst loading and reaction time. It is essential to limit impurity formation in order to maximize the yield and to minimize isolation and purification complexity.
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The objective of the present study is to provide a kinetic evaluation for the rate of formation of byproduct D, impurity E and possibly other impurities related to the intermediate Schiff’s base B. Kinetic Analysis Liquid phase hydrogenation catalyzed by Pd/C is a heterogeneous reaction occurring at the interface between the solid catalyst and the liquid. In our one-pot process, the hydrogenation was initiated after aldehyde A and the Schiff’s base reached equilibrium conditions (A⇔B). There are three catalytic reactions A ⇒ D, B ⇒ C, and C ⇒ E, that occur simultaneously on the catalyst surface. Selectivity and catalytic activity are influenced by the ability to transfer reactants to the active sites and the optimum hydrogen-to-reactant surface coverage. The LangmuirHinshelwood kinetic approach is coupled with the quasi-equilibrium and the twostep cycle concepts to model the reaction scheme (1,2,3). Both A and B are adsorbed initially on the surface of the catalyst. Expressions for the elementary surface reactions may be written as follows: A ⇔ A* A* + H2 ⇒ D + * B ⇔ B* B* + H2 ⇒ C + * The equilibrium constants for the adsorption of the aldehyde and Schiff’s base are KA = ka1/ka–1 and KB = kb1/kb-1 respectively. Product C may adsorb but is less competitive than the surface adsorption of the Schiff’s base B and aldehyde A. The total surface coverages are expressed as the sum of the adsorbed species and empty sites ΘA + ΘB + Θ° = 1. The expressions for ΘA and ΘB are: ΘB = KB [B] / ( 1 + KA [A] + KB [B] ) ΘA = KA [A] / ( 1 + KA [A] + KB [B] )



(1) (2)
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The rate expressions for formation of product C and alcohol D are: Rate (product C formation) = k2 KB [B] [H2] Θtotal / ( 1 + KA [A] + KB [B] ) Rate (alcohol D formation) = k3 KA [A] [H2] Θtotal / ( 1 + KA [A] + KB [B] )



(3) (4)



Where k2 is the rate constant for product C formation. KB is equal to kb1/kb-1, the adsorption equilibrium constant for Schiff’s base B. k3 is the rate constant for product D formation. KA is equal to ka1/ka-1, the adsorption equilibrium constant for aldehyde. Θtotal is the total surface fractional coverage (equals one). By dividing equation (4) by equation (3), the ratio of alcohol to product formation is: (5) Ratio=k3KA[A]/k2 KB [B] Separate hydrogenation kinetic studies were performed using the same Engelhard Escat 142 catalyst (edge coated, reduced) (4) to compare the adsorption strength and hydrogenation rate between the Schiff’s base and aldehyde. The kinetics are modeled using a conventional Langmuir-Hinshelwood expression to correlate the initial rate with the substrate concentration (5). Experimental Section (a) Catalytic hydrogenation In our development studies, Endeavor (5 mL) and Buchi (1L) reactor systems were used to screen catalysts and to evaluate the impurity profile under various process conditions. Hydrogenation kinetic studies were carried out using a 100 mL EZ-seal autoclave with an automatic data acquisition system to monitor the hydrogen uptake and to collect samples for HPLC analysis. Standard conditions of 5 g of aldehyde in 25 mL ethyl acetate and 25 mL methanol with 0.5 g of 5%Pd/C Engelhard Escat 142 were used in this investigation. For the Schiff’s base formation and subsequent hydrogenation, inline FT-IR was used to follow the kinetics of the Schiff’s base formation under different conditions. Tables 1 and 2 show the changes in the substrate concentration under different conditions. Both experiments were carried without any limitations of gas-liquid mass transfer. Table 1. Hydrogenation of aldehyde A to form the alcohol D 40°C, 30psig, 2500 rpm in autoclave reactor Time (min)



H2 uptake (mL)



A (mmole)



dA/dt (mmole/min)



26



Hydrogenation of a Schiff’s Base



0 15 30 45 60 75 90 190



0 63.5 120.0 174.6 217.8 256.0 287.6 316.0



16.28 14.14 11.8 9.48 8.75 8.62 8.23 5.42



-0.142 0.147 0.155 0.049 0.027 0.017 0.028



Table 2. Hydrogenation of Schiff’s base B, 38 °C, 30 psig, 700 rpm in a Parr reactor Time (min) 0 10 15 20 25 30



Schiff’s Base Conc. (mmole) 16.0 5.67 2.34 0.53 0.029 0.019



dB/dt (mmole/min) 1.034 0.664 0.362 0.101 0.002



Based on the Langmuir-Hinshelwood expression derived for a unimolecular reaction system (6); Rate =k' Ks (substrate) /[1 + Ks (substrate)] , Table 3 shows boththe apparent kinetic rate and the substrate concentration were used to fit against the model. Results show that the initial rate is zero-order in substrate and first order in hydrogen concentration. In the case of the Schiff’s base hydrogenation, limited aldehyde adsorption on the surface was assumed in this analysis. Table 3 shows a comparison of the adsorption equilibrium and the rate constant used for evaluating the catalytic surface. Table 3. Surface catalytic behavior comparison Reaction 40°C, 30 psig A→D B→C



Adsorption Equilibrium Constant K (mmole-1) KA = 0.24 KB = 0.55



Rate constant k' (min –1) k3 = 0.28 k2 = 1.32



Calculated adsorption equilibrium constants indicate the Schiff’s base is adsorbed more favorably on the catalyst surface than the aldehyde. This observation is consistent with “situation kinetics ” occurring during the initial stage of the hydrogenation. The apparent rate constant shows that the product C formation is much faster than the alcohol formation. (b) Schiff’s base formation
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Schiff’s base formation occurs by condensation of the free amine base with aldehyde A in EtOAc/MeOH. The free amine base solution of glycine methyl ester in methanol is generated from the corresponding hydrochloride and triethylamine. Table 4 shows the reaction concentration profiles at 20-25°C. The Schiff’s base formation is second order with respect to both the aldehyde and glycine ester. The equilibrium constant ( ratio k(forward)/ k(reverse)) is calculated to be 67. Table 4. Reaction kinetics of Schiff base formation Time (min) 0.65 2.42 5.29 7.52 10.8 16.18 27.21 44.28 72.2



Aldehyde A (molar) 0.365 0.303 0.242 0.211 0.18 0.149 0.118 0.10 0.09



Glycine methyl. Schiff’s base B ester·HCL(molar) (molar) . 0.294 0.031 0.232 0.093 0.171 0.154 0.14 0.185 0.109 0.216 0.078 0.247 0.047 0.278 0.029 0.296 0.019 0.306 .



k(forward) = 0.006695 L/mol.sec, k(reverse) = 0.0001 L/mol.sec Impurity Fate and Byproduct Formation The Schiff’s base hydrogenation is the second step of a telescoped reductive amination and is carried out in the presence of the aldehyde. When the Schiff’s base is initially prepared, the magnitude of the equilibrium concentration of aldehyde A is two orders lower than the Schiff’s base B. In the reaction network, catalytic hydrogenation of A and B occur simultaneously. Based on the adsorption strength and catalytic activity comparison between A and B shown in Table 4, k2 x KB is ten times higher than k3 x KA. Therefore, the ratio of alcohol to product formation, Eq (5), is about 10-3. This result indicates that the alcohol formation is not significant in the reaction network. Since the Schiff’s base is the dominant adsorbed species on the catalyst during hydrogenation, the product C molecules do not compete strongly with the Schiff’s base for the palladium surface adsorption. No E from the reduction of product C is expected until the Schiff’s base transformation is almost complete. The Schiff’s base catalytic hydrogenation rate can be expressed as dC/dt = k [H2]L [Schiff base*] = k2 KB [B] [H2]L / ( 1 +KB [B] ) where [B] is the Schiff ‘s base concentration in the reaction solution [H2]L is the hydrogen concentration in the reaction mixture
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The formation rate of product C is dependent on the concentration of adsorbed Schiff’s base and the molecular hydrogen dissolved in the liquid phase. The rate constant was determined in the temperature range of 10 to 45 °C. From the results an apparent activation energy ( Eap) of 40.2 kJ/mole and a pre-exponential factor A of 2.64 x 105 mol min-1g·cat-1 were calculated. The proposed kinetic model suggests that a lower hydrogen concentration in the solution may slow down the desired transformation. The Schiff’s base is the most strongly bound component on the palladium and has a high turnover frequency. In the case of gas-liquid mass transfer limitation (7), the reaction takes longer or may not even proceed to completion. The reduced Schiff’s base C has the potential to undergo a second reductive alkylation with starting material A to form a dimer and subsequently produce other hydrogenated dimer impurities. Maintaining the hydrogenation under kinetic control provides limited alcohol formation and avoids over reduction of product C. The performance of a hydrogenator depends on the gas-liquid mass transfer characteristics Kla (8). Possible operating scenarios with their observed impurity profiles are summarized in Table 5. Table 5. Impurity formation related to process conditions Mass Transfer Characteristics



High catalyst loading



Low catalyst loading



.



high Kla



a. form over-reduction impurity E b. decrease process yield



a. less impurities E & D b. less palladium residue



low Kla



a. form side product D b. over reduction impurity E increased with time and catalyst loading



a. reaction will not go to completion b. C reacts with A to form dimers (not shown in the reaction scheme) ..



All experiments were carried out in a 1 L Buchi hydrogenator. The mass transfer coefficient Kla range was 0.01 – 0.9 L/sec. Conclusion Using the quasi-equilibrium and two-step reaction concepts in the catalytic cycle, the hydrogenation kinetics of Schiff’s base B were investigated. The analysis showed that strong Schiff’s base adsorption provided rapid reduction and led to limited byproduct and impurity formation. The proposed mechanism suggested that lower catalyst loading or hydrogen diffusion limitations would slow down the desired transformation and lead to enhanced impurity formation. This knowledge led to the design of a more robust process and a successful scale up.
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Halophosphite Ligands for the Rhodium Catalyzed Low-Pressure Hydroformylation Reaction Thomas A. Puckette Eastman Chemical Company, Texas Eastman Division, P.O. Box 7444, Longview TX 75607-7444 [email protected]



Abstract The discovery and use of fluorophosphites and chlorophosphites as trivalent phosphorus ligands in the rhodium catalyzed, low-pressure hydroformylation reaction are described. The hydroformylation reaction with halophosphite ligands has been demonstrated with terminal and internal olefins. For the hydroformylation of propylene, the linear to branched ratio of the butyraldehyde product shows a strong dependency on the ligand to rhodium molar ratios, the reaction temperature, and the carbon monoxide partial pressure. Introduction The hydroformylation reaction, also known as the oxo reaction, is used extensively in commercial processes for the preparation of aldehydes by the reaction of one mole of an olefin with one mole each of hydrogen and carbon monoxide. The most extensive use of the reaction is in the preparation of normal- and iso-butyraldehyde from propylene. The ratio of the amount of the normal aldehyde product to the amount of the iso aldehyde product typically is referred to as the normal to iso (N:I) or the normal to branched (N:B) ratio. In the case of propylene, the normal- and isobutyraldehydes obtained from propylene are in turn converted into many commercially-valuable chemical products such as n-butanol, 2-ethyl-hexanol, trimethylol propane, polyvinylbutyral, n-butyric acid, iso-butanol, neo-pentyl glycol, 2,2,4-trimethyl-1,3-pentanediol, the mono-isobutyrate and di-isobutyrate esters of 2,2,4-trimethyl-1,3-pentanediol. Slaugh and Mullineaux (1) disclosed a low pressure hydroformylation process using trialkylphosphines in combination with rhodium catalysts for the preparation of aldehydes as early as 1966. Trialkylphosphines have seen much use in industrial hydroformylation processes but they typically produce a limited range of products and frequently are very oxygen sensitive.
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In 1970, Pruett and Smith (2) described a low pressure hydroformylation process which utilizes triarylphosphine or triarylphosphite ligands in combination with rhodium catalysts. The ligands, although used in many commercial applications, have limitations due to oxidative and hydrolytic stability problems. Since these early disclosures, numerous improvements have been made to increase the catalyst stability, catalyst activity and the product ratio with a heavy emphasis on yielding linear aldehyde product. As a result of many years of research work in academic and industrial labs, a wide variety of monodentate phosphite and phosphine ligands, bidentate ligands such as bisphosphites and bisphosphines as well as tridentate and polydentate ligands have been prepared and disclosed in the literature (3,4). The early patents are still very significant today as all large scale commercial applications of the low pressure hydroformylation reaction are based on the triorganophosphine or triorganophosphite technology that was initially disclosed over thirty years ago. Results and Discussion The evaluation of novel trivalent phosphorus compounds as ligands for the low pressure hydroformylation reaction is an integral part of an ongoing program to develop and test new hydroformylation catalysts. Thus, when Klender et al. (5) of Albemarle Corporation published data demonstrating that the fluorophosphite, Ethanox 398™, is surprisingly stable to refluxing aqueous isopropanol, we were intrigued as to whether or not this material would have sufficient stability to serve as a trivalent phosphorus ligand in a hydroformylation catalyst. A search of the chemical literature revealed numerous O O P antioxidant applications but did not reveal any use of fluorophosphite compounds as TM F Ethanox 398 ligands with transition metals. Our personal experiences with compounds 1 containing halogen phosphorus bonds were that these materials are highly reactive, easily hydrolyzed, and subject to secondary reactions such as disproportionation. The hydrolytic decomposition of a potential fluorophosphite ligand would generate free fluoride ions which would be expected to be detrimental to the activity of a hydroformylation catalyst. The patent literature contains abundant references to the detrimental effects of halogens (6) on hydroformylation catalysts, and based on the patent information, one could not reasonably expect a halophosphite to be a successful hydroformylation ligand. However, a second publication by Klender (7) shows that exposure of 1 and other fluorophosphites to moisture at temperatures of 250oC to 350oC does not generate fluoride, even at part per million levels. Despite our personal skepticism, a sample of 1 was obtained (8) and tested in a bench test unit that simulates continuous vapor stripped reactor operation (9). The
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initial results were both surprising and successful. A catalyst mixture composed of 2.11 grams of the fluorophosphite 1 and rhodium dicarbonyl acetylacetonate dimer (15 milligrams of Rh) in 190 milliliters of Texanol® (2,2,4-trimethyl-1,3-pentanediol monoisobutyrate) solvent successfully converted a mixture of propylene, hydrogen and carbon monoxide into a mixture of butyraldehyde isomers with a normal to branched ratio of 3.1 and at a catalyst activity rate of 5.9 kilograms of butyraldehyde per gram of rhodium-hour. Analysis of the recovered catalyst showed that the fluorophosphite was not decomposed under reactor conditions. The focus of our research immediately turned to the exploration of compounds with the fluorophosphite functional group as hydroformylation ligands. The synthesis of these halophosphite compounds is well documented (10) and we set about to design and prepare a group of ligands which would explore the limits of this class of ligands in the hydroformylation reaction. Fluorophosphites Fluorophosphites are prepared by a two step sequence. The initial step is the reaction of phenolic materials with phosphorus trichloride to prepare a chlorophosphite intermediate. The chlorophosphite is then treated with a fluoride source to convert the chloro- intermediate into the desired fluorophosphite product. Many different fluoride sources have been described in the literature including anhydrous hydrogen fluoride, anhydrous potassium fluoride, and antimony trifluoride. While any of these fluoride sources can be used successfully, we have found that antimony trifluoride (10) works well for small scale, lab preparations. Compounds 1 - 5 are representative of the types of fluorophosphite compounds that can be used successfully as hydroformylation ligands.
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The ligands, 1 - 5 include acyclic and cyclic examples with alkyl and electrondonating groups on the aromatic rings. Notably absent from this group are any ligands with electron-withdrawing groups as substituents. Chlorophosphites Efforts to prepare fluorophosphites with electron withdrawing groups on the phenolic aromatic rings were unsuccessful. The reactions to convert the chlorophosphite intermediates with electron withdrawing groups failed and yielded only the unreacted chlorophosphite starting materials. Decomposition of the chlorophosphites did not occur to any significant extent. More forcing conditions were attempted but the chlorophosphite intermediates were recovered unscathed. The chemical stability of these intermediates with electron withdrawing groups was unexpected and prompted the question, "Just how stable are these compounds – stable enough to serve as ligands?" Bench unit and autoclave testing of the electron withdrawing substituted chlorophosphite ligands demonstrated that these intermediate compounds can serve as viable hydroformylation ligands (11). Compounds 6 – 10 are representative of the types of chlorophosphite compounds that can be used successfully as hydroformylation ligands. Compound 10 is particularly stable and operates very well in heavy ester solvents such as bis-2-ethylhexyl phthalate. O



CF3



P



CF3



O



O



Cl



MeO



O



P



O



O



O



Cl



Cl



7



O



OMe



O



Cl



Cl



6



P



P Cl



9



O



O O



8 Cl



Cl



O



Cl 10



Cl



P



O



Cl



Cl



Cl



Effect of Reaction Parameters on Catalyst Performance The molar ratio of the phosphorus ligand to rhodium has pronounced effects on catalyst activity and selectivity. It is well established that increasing the molar ratio of the ligand to the rhodium leads to a higher linear to branched isomer ratio at the
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expense of catalyst activity (12). The change in the linear to branched ratio in the products can be understood as the effect of shifting the equilibriums that exist in the catalyst solution from a predominance of the monoligated, catalytically active rhodium species to bis ligated rhodium species as shown in Eq. 1.



L



+



RhH(CO)3L



-CO, +L



RhH(CO)2L2



+



CO



+ CO, - L Mono Ligated Higher activity Lower N/I



Bis Ligated Lower Activity Higher N/I



The halophosphite ligands show the same relationship between activity and the preference for the more linear aldehyde isomer as a function of ligand concentration. A series of bench unit studies utilizing halophosphite catalysts were conducted in which propylene was allowed to react to form butyraldehyde. Table 1 presents bench unit data on the effects of the ligand to rhodium molar ratios. Table 1 Effects of Ligand to Rhodium Molar Ratio on Activity and Selectivity Runa



Ligand



1 2 3



1 1 1



Ligand to Rhodium Molar Ratio 14 30 50



N/I Ratio 1.4 3.1 3.8



Catalyst Activityb 15.7 6.6 3.3



a



All runs were conducted at 260 psig, 115oC, 190 mL of bis-2-ethylhexylphthalate solvent (DOP) with 15 mg Rh, 1:1 H2/CO and 54 psia C3H6. b Catalyst activity is expressed as kilograms of butyraldehyde per gram-Rh-hour. The effects of temperature on catalysts derived from traditional triorganophosphorus ligands has been studied and reported previously (13). In general, as the temperature of the reaction increases, the catalyst activity increases while the selectivity to the linear isomer decreases. Temperature effects on halophosphite catalysts follow the expected trend. Table 2 presents supporting bench unit data.
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Table 2 Temperature Effects on Butyraldehyde Production Runa



Ligand



1 2 3



2 2 2



Temperature, o C 95 105 115



N/I Ratio 5.0 3.9 3.8



Catalyst Activityb 3.7 6.0 6.2



a



All runs conducted at 260 psig and specified temperature utilizing 7.7 mg of Rh, 190 mL of DOP, 1.2 grams of ligand with 1:1 H2/CO and 54 psia C3H6 b Catalyst activity is expressed as kilograms of butyraldehyde per gram-Rh-hour. The effect of the hydrogen to carbon monoxide molar ratios in the feed gas to the reaction is significant. Changes in the feed gas ratio will strongly affect the equilibrium of Equation 1 and thus impact the performance and selectivity of the catalyst. A series of bench unit runs were performed and the data is summarized in Table 3. Table 3 Reactant Partial Pressure Effects Runa



Ligand



H2/CO Ratio



N/I



1 2 3



10 10 10



0.5:1 1:1 2:1



4.5 5.9 7.2



Catalyst Activityb 1.43 2.13 1.63



a



All runs at 115oC, 260 psig utilizing 15 mg Rh, 2.06 grams of ligand in 190 mL of DOP with a C3H6 partial pressure of 54 psia. b Catalyst activity is expressed as kilograms of butyraldehyde per gram-Rh-hour. The hydroformylation capabilities of halophosphite catalysts are not limited to propylene or alpha olefins. A variety of other olefins have been examined and representative examples are presented in Table 4. Table 4 Hydroformylation of Various Olefins Runa 1



Ligand 1



Substrate Methyl Methacrylate



Products Methyl isobutyrate, Methyl(2-methyl-3formyl)propionate, & methyl (2-methyl-2formyl)propionate



Ratio L/B = 2.63
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2



1



Mixed 2octenes 1-Octene



71% Nonyl Aldehydes



L/B = 0.91



3



7



98% Nonyl Aldehydes



L/B = 1.96



4



Bis(2methylphenyl) chlorophosphite



Trans-2Octene



2-Methyl-1-octanal, 2Ethyl-1-heptanal, & 2Propyl-1-hexanal.



L/B = 0.15



5



Bis(2methylphenyl) chlorophosphite



1,7Octadiene



Four Dialdehydes (99.3% total; 40.4% 1,10-decanedialdehyde). No monoaldehydes.



All runs performed in autoclaves as described in references 9 and 11.



In summary, chlorophosphites and fluorophosphites represent a new and viable class of ligands for the hydroformylation reaction and behave much like traditional triorganophosphorus ligands. The halophosphites are easy to obtain and surprisingly stable under process conditions. Experimental Section Ligands – 2,2'-Ethylidenebis (4,6-di-tert-butylphenyl) fluorophosphite (1) was purchased from Aldrich Chemical Company. The remaining chlorophosphite and fluorophosphite ligands were prepared by literature procedures or by minor modifications of the published procedures (10). All ligands were characterized by 1 H NMR, 31P NMR and mass spectroscopy. Bench Unit Testing – The physical description of the bench unit and operation of the unit has been described in reference 9. Acknowledgements Although many people have contributed to the success of this project, a few deserve special mention: Ginette Struck Tolleson as a co-worker, Tom Devon as a co-worker and mentor, Jimmy Adams and Sue Gray for bench unit operations and Eastman Chemical Company for permission to publish this work. References 1. 2.



L. H. Slaugh and R. D. Mullineaux, U.S. Pat. No. 3,239,566, to Shell Oil Company (1966). R. L. Pruett and J. A. Smith, US Pat. 3,527,809 to Union Carbide Corporation (1970).



38



3.



Halophosphite Ligands



P. W. N. M. van Leeuwen, C. P. Casey, and G. T. Whiteker in Rhodium Catalyzed Hydroformylation, P. W. N. M. van Leeuwen and C. Claver, Ed., Kluwer Academic Publishers, Boston, 2000, p. 63 – 96. 4. P. C. J. Kamer, J. N. H. Reek, and P. W. N. M. van Leeuwen in Rhodium Catalyzed Hydroformylation, P. W. N. M. van Leeuwen and C. Claver, Ed., Kluwer Academic Publishers, Boston, 2000, p. 35 – 59. 5. G. J. Klender, V. J. Gatto, K. R. Jones, and C. W. Calhoun, Polym. Preprints, 24, 156 (1993). 6. A. B. Abatjoglou and D. R. Bryant, US Pat. 5,059,710, to Union Carbide (1988); A. A. Oswald, T. G. Jermasen, A. A. Westner and I. D. Huang, US Pat. 4,595,753, to Exxon Research and Engineering (1986); and K. D. Tau, US Pat. 4,605,781, to Celanese Corp. (1986). 7. G. J. Klender, "Polymer Durability" in Advances in Chemistry, Vol. 249, R. L. Clough, Ed., American Chemical Society, Washington D. C., 1996, p. 396- 423. 8. A sample was obtained from Aldrich Chemical Company, catalog number 370487-100G. 9. T. A. Puckette and G. E. Struck, U.S. Patent 5,840,647, to Eastman Chemical Co., (1998) describes the bench unit and the operation of the unit in detail. 10. L. P. J. Burton, US Pat. 4,912,155, to Ethyl Corporation (1990) and E. A. Burt, L. P. J. Burton, M. S. Ao, and B. C. Stahly, US Pat. 5,049,691 to Ethyl Corporation (1991). 11. G. S. Tolleson and T. A. Puckette, US Pat. 6,130,358 to Eastman Chemical Company (2000). 12. K. L. Olivier and F. B. Booth, Hydrocarbon Processing, 49 (4), 112 (1970) and P. W. N. M. van Leeuwen and C. F. Roobeek, J. Orgmet. Chem., 258, 343 (1983). 13. I. Wender and P. Pino, Organic Syntheses via Metal Carbonyls, Vol. 2, John Wiley & Sons, New York, 1977, p. 176 -179. K. L. Olivier and F. B. Booth, Hydrocarbon Processing, 49 (4), 112 (1970) and P. W. N. M. van Leeuwen and C. F. Roobeek, J. Orgmet. Chem., 258, 343 (1983). 13. I. Wender and P. Pino, Organic Syntheses via Metal Carbonyls, Vol. 2, John Wiley & Sons, New York, 1977, p. 17



Lathouder, Kapteijn and Moulijn



5.



39



Development of a Monolithic Bioreactor: Tailor-Made Functionalized Carriers Karen M. de Lathouder, Freek Kapteijn and Jacob A. Moulijn Delft University of Technology, Faculty of Applied Sciences, DelftChemTech, Section R&CE, Julianalaan 136, 2628 BL Delft, The Netherlands [email protected]



Abstract The use of a monolithic stirred reactor for carrying out enzyme-catalyzed reactions is presented. Enzyme-loaded monoliths were employed as stirrer blades. The ceramic monoliths were functionalized with conventional carrier materials; carbon, chitosan, and polyethylenimine (PEI). The different nature of the carriers with respect to porosity and surface chemistry allows tuning of the support for different enzymes and for use under specific conditions. The model reactions performed in this study demonstrate the benefits of tuning the carrier material to both enzyme and reaction conditions. This is a must to successfully intensify biocatalytic processes. The results show that the monolithic stirrer reactor can be effectively employed in both mass transfer limited and kinetically limited regimes. Introduction Ceramic honeycomb monoliths are porous macro-structured supports consisting of parallel channels. On the walls a thin layer of active material can be applied (Figure 1). Honeycomb catalyst supports were originally developed for use in automotive emission control systems where the combination of low pressure drop and high surface area are important (1). For liquid systems, the advantages of structured reactors compared to fixed-bed or slurry reactors include a high available surface area, a low pressure drop over the reactor, ease of product separation, absence of Figure 1. Monoliths maldistribution problems, and easy scale-up (2,3). Immobilized enzymes have a wide range of practical applications. Although activity usually decreases slightly upon immobilization, they possess important advantages over dissolved enzymes, of which the possibility to recover and reuse the enzyme is the most important. Most conventional enzyme carriers are inorganic particles or porous beads of synthetic polymers or gel-like materials such as chitosan, agarose or alginate. If one uses large beads, intraparticle limitations are bound to occur (4). Note that in enzymatic systems, not only substrate diffusion can be limiting: intraparticle pH gradients or ionic strength gradients can be equally problematic. An alternative to large beads in a fixed-bed reactor is a stirred slurry of beads that can be as small as 100 μm (5). However, the soft support-material lacks the mechanical
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strength for high intensity contacting. Also, the density of the support material is often close to that of the solvent and, as a consequence, an (often cumbersome) separate filtering step is required. The use of structured support materials could provide an interesting alternative for conventional enzyme support materials. The monolithic stirrer reactor (MSR, Figure 2), in which monoliths are used as stirrer blades, is a new reactor type for heterogeneously catalyzed liquid and gasliquid reactions (6). This reactor is thought to be especially useful in the production of fine chemicals and in biochemistry and biotechnology. In this work, we use cordierite monoliths as stirrer blades for enzymecatalyzed reactions. Conventional enzyme carriers, Figure 2. MSR including chitosan, polyethylenimine and different carbonaceous materials are used to functionalize the monoliths. Lipase was employed in the acylation of vinyl acetate with butanol in toluene and immobilized trypsin was used to hydrolyze N-benzoyl-L-arginine ethyl ester (BAEE). Results and Discussion Results of enzyme adsorption and tests in the MSR are given in Table 1. Table 1. Results of enzyme immobilization and catalyst performance Carrier Enzyme Yield Initial activity Activity [mg] [mol/s*m3monolith] [mmol/s*gE] Lipase 3.6 CNF Lipase 350 9.2 0.94 Sucrose-carbon Lipase 65 2.0 1.1 PFA-carbon Lipase 70 1.9 0.81 PEI Lipase 35 1.0 1.22 Trypsin 0.2 Chitosan Trypsin 100 0.034 0.019 For lipase, initial activity corresponds to the amount of protein that was adsorbed. Specific activity is constant at 1 mmol/s*gE for this carrier-enzyme system, which compares to 27% of the free enzyme activity. The trypsin system shows a lower specific activity that is only 10% of the free enzyme. The reason for the lower recovered activity of this system is not known. To rule out possible internal diffusion limitations, the Wheeler-Weisz modulus was estimated, assuming a carrier layer thickness of 0.1 mm for all carriers. Using the data of the experiments performed at 150 rpm, one finds: 2 ⎛ n + 1 ⎞ rv ,obs ⋅ L ≈10-2 for the lipase system and 10-4 for the trypsin system, Φ=⎜ ⎟⋅ ⎝ 2 ⎠ Deff ⋅ Cb



which is below the threshold value of 0.15, indicating the absence of diffusion limitations. To investigate any external mass transfer limitations
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present in the system, the stirrer rate was varied between 50 and 400 rpm. The results for the immobilized lipase are plotted in Figure 3.
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Figure 3. Initial activity of immobilized lipase in the acylation of vinyl acetate in butanol at varying stirrer rate. Comparison of different carbon carriers.
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For these biocatalysts, no profound influence of stirrer rate could be detected. Apparently no external mass transfer limitations are present in the system. This was confirmed by calculating the Carberry number (Ca =



rv ,obs a ⋅ k s ⋅ Cb '



), the



ratio of the observed rate and the maximal mass transfer rate. For all experiments, Ca 1000%) whereas the selectivity of the latter was comparable with those obtained in stirred/silent control experiments [R.S. Disselkamp, Y.-H. Chin, C.H.F. Peden, J. Catal., 227, 552 (2005)]. As a means of ensuring the benefits of cavitating ultrasound processing, we introduced the concept of employing inert dopants into the reacting solution. These inert dopants do not partake in solution chemistry but enable a more facile transition from high-power non-cavitating to cavitating conditions during sonication treatment. With cavitation processing conditions ensured, we discuss here results of isotopic H/D substitution for a variety of substrates and illustrate how such isotope dependent chemistries during substrate hydrogenation elucidate detailed mechanistic information about these reaction systems. Introduction Using ultrasound to enhance activity, and to a lesser extent to alter selectivity, in heterogeneous condensed phase reactions is well known [1-7], with the first paper on sonocatalysis having been published over 30 years ago [8]. In principle, there exists two separate domains for sonochemistry, these are non-cavitating and cavitating ultrasound regimes. For commercially available instruments, bath systems by virtue of their lower acoustic intensity are usually non-cavitating whereas probe (e.g., horn) systems can be either (high power) non-cavitating or cavitating. One objective of this paper is to contrast differences in a heterogeneous catalytic reaction for noncavitating and cavitating ultrasound compared to a control (stirred and silent) system. Only through “doping” our solution were we able to initiate the rapid onset of
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cavitation during ultrasound treatment, and enable the chemical effects arising from cavitating conditions to be studied. Since not all reaction liquid mixtures readily cavitate, this technique decreases the power threshold for cavitation making it of general use. The first system we investigate will be the inert dopant study just introduced. Three additional studies will also be discussed. The first examines cis to trans isomerization of cis-2-buten-1-ol and cis-2-penten-1-ol on Pd black. Isomerization is important in edible oil partial hydrogenation, where it is desirable to partially hydrogenate a C18 cis multiple-olefin without isomerizing its unconverted double bonds. We will see here that cavitating ultrasound processing reduces the amount of isomerization of these cis olefins to their trans form. The second system we discuss pertains to the use of H/D isotope substitution in hydrogenation to yield information about the mechanisms of reaction. Here the two substrates 3-buten-2-ol and 1,4pentadien-3-ol were employed. We compared D-atom substitution to control experiments (e.g., H-atom processes) using D2O instead of water for alcohol substitution and/or D2 instead of H2 during hydrogenation. The final investigation made is that of using transition state theory to explain the origin of olefin exchange. Experimental Section Materials and Apparatus The experimental details of our approach have been given previously [9-12], therefore only the salient features are outlined here. The reagents were obtained commercially from the following vendors at the stated purities: cis-2-buten-1-ol, ChemSampCo, 97%; cis-2-penten-1-ol, ChemSampCo, 95%; 3-buten-2-ol and 1,4pentadien-3-ol, Aldrich Chem. Co., 97+%). Unless otherwise stated, a substrate concentration of 100 mM was employed. All experiments except for the last (nonequilibrium system) employed a Pd-black catalyst (Aldrich, 99.9% purity metals basis) with a N2 BET surface area of 42 m2/g. The non-equilibrium investigation employed Raney Nickel (W.R. Grace Co. type 2800). Each system discussed below will present the substrate and catalyst mass employed. Deionized water (18 MΩ-cm) was used as the solvent. In some systems D2O was used as the solvent (Aldrich Chem. Co., 99.9% atom purity). Hydrogenations were performed with H2 or D2 gas (A&L specialty gas, 99.99% purity) at a pressure of 6.5 atm (80 psig). All components used for the reaction apparatus are commercially available and have been described in detail previously [9,10,13]. Experiments were conducted isothermally at a temperature typically of 298 K with an uncertainty of ±2.5 K controlled using a water-bath circulation unit. All the studies used a 20 kHz Branson Ultrasonics digital model 450 sonifier II unit capable of delivering up to 420 W. A jacketed Branson Ultrasonics reactor that screwed onto the horn assembly was used to contain the reacting systems. Samples collected during an experiment were analyzed on a Hewlett-Packard GC/MS (5890 GC and 5972 MSD). Authentic standards were employed in the calibration of mass area counts when available. The column selected for separation was typically a 30 meter, 0.5 micron film, DB-5MS
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column. In a prior study we have shown that only synthetic chemistry occurs, namely that conservation of initial substrate concentration into well-defined products results, so that no sample “atomization” or other undesirable loss processes due to ultrasound treatment occurs [13]. Experimental Procedure For all experiments, 50 mL of water and catalyst were added to the reaction cell. For ultrasound-assisted, as well as stirred (blank) experiments, the catalyst was reduced with hydrogen (80 psig) in water using non-cavitating ultrasound at an average power of 360 W (electrical; 90% amplitude) for at least one minute prior to reaction. The first sample for each experiment was taken for time equal to zero minutes and filtered through a 0.45 μm hydrophilic Millipore filter to remove catalyst powder into a capped vial for subsequent GC/MS analyses. During control (magnetically stirred/silent-MS) experiments, the reactor was connected to the sonifier probe assembly, purged and then pressurized with hydrogen (60 psig). Stirring was commenced and after a defined time interval, a (filtered) sample was collected. This process was repeated throughout the course of reaction. Conversely, during ultrasound-assisted experiments (US), the reactor was connected, purged and then pressurized with hydrogen (60 psig) as just described. The pressure chosen was optimal for cavitation. This is because the ability of a solution to achieve cavitation increases with greater acoustic power delivered which is favored to a degree at larger static pressures. However, a competing effect is that cavitation ability is hindered by large static pressures. Hence only a narrow pressure range ensured cavitation, often only realizable with inert dopants, occurred around 60 psig. The solution in the cell was irradiated with ultrasound and samples collected after similarly defined time intervals. In principle the hydrogenation pressure employed may affect chemical selectivity, however for the sake of experimental brevity such investigations were not made here. During non-cavitating sonication, an amplitude of 90% was employed, resulting in 360±15 W delivered from the power supply. For cavitating ultrasound, a dopant was used (see below) to cause cavitation within 7 seconds of turning on the sonifier resulting in 190-280 W delivered to the convertor, here at >90% sonifier amplitude. Results and Discussion Inert Dopants The hydrogenation of 3-buten-2-ol by our group [9] is an excellent choice for probing the chemical selectivity and activity of ultrasound processing because it undergoes competing reaction pathways yielding two products. For all experiments, 3.0±0.2 mg of Pd-black catalyst were used. The concentration of substrate was 100 mM (33 M/g-catalyst based on initial concentrations). The four experimental regimes of stirred (without dopant), non-cavitating high-power ultrasound, stirred (with 1-pentanol dopant), and cavitating ultrasound (with 1-pentanol) were employed. In the latter experiments, 50 mM of 1-pentanol was used as an inert
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dopant to facilitate the onset of cavitation. The exact mechanism by which the onset of cavitation onset is enhanced through the use of these inert dopants is unclear, but likely involves solvent (or solution) modification such as by viscosity or surface tension effects. Experiments were performed at 298 K. The full reaction process is summarized in scheme 1.



Scheme 1. For example, in one pathway H-atom elimination reactions generate the enol intermediate, which eventually rearranges to 2-butanone. In a second competing reaction pathway, H-atom addition results in direct hydrogenation to the saturated alcohol 2-butanol. A kinetic analyses of the data was performed by noting the pseudo-first order loss of substrate together with selectivity. This enabled a pseudo-first order kinetic description of the two pathways to be obtained. Table 1 lists the lifetimes of 2butanone and 2-butanol production for the various experiments. Here the lifetimes refers to the inverse of the pseudo-first order reaction rate coefficients. Table 1. Results of kinetics for stirred, non-cavitating ultrasound, and cavitating ultrasound experiments. Experiment t1 (min.) t2 (min.) ttotal (min.) (to 2-butanone) (to 2-butanol) Stirred 82.0 60.7 34.9 Non-cavitating 19.8 11.1 7.1 ultrasound Stirred (with 1- 125.2 125.2 62.6 pentanol) Cavitating 8.9 0.71 0.66 ultrasound (with 1-pentanol) Four primary conclusions can be put forth regarding the data of Table 1. First, a small difference in selectivity is seen for the non-cavitating ultrasound compared to the control experiment (obtained from the inverse of the ratio of lifetimes). For example, the ratio of 2-butanone to 2-butanol products for the stirred without 1pentanol is 0.74 (equal to 60.7/82.0). Second, comparing these values to the
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selectivity estimate for the cavitating ultrasound run shows the latter having a ketone to alcohol ratio of 0.080. Therefore there is factor of ~12-fold enhanced alcohol selectivity for cavitating ultrasound compared to stirred with dopant. Third, the total activity can be examined via the substrate (total) lifetimes. It is seen that there is a 8.8-fold enhancement in reaction rate for the non-cavitating ultrasound compared to stirred with dopant and that the cavitating ultrasound activity enhancement is a factor of 10.8 greater than the non-cavitating run. Fourth, the greatest activity enhancement is seen for cavitation compared to stirred with dopant where a 14-fold enhancement in ketone formation rate is seen, but a 176-fold alcohol formation rate increase occurs. It is concluded from this investigation that cavitating ultrasound can alter selectivity by ~1200% and activity by a factor of 94-fold. Thus cavitating ultrasound should be viewed as enabling novel chemical syntheses to be performed to complement traditional processing approaches. It should be emphasized that the use of inert dopants to ensure cavitation during ultrasound treatment, where it otherwise would not have occurred, is a key finding here. Cis to trans Isomerization We have studied the effect of cavitating ultrasound on the heterogeneous aqueous phase hydrogenation of cis-2-buten-1-ol (C4 olefin) and cis-2-penten-1-ol (C5 olefin) on Pd-black (1.5±0.1 mg catalyst) to form the trans-olefins (trans-2buten-1-ol and trans-2-penten-1-ol) and saturated alcohols (1-butanol and 1pentanol, respectively). These chemistries are illustrated in Scheme 2. A full analysis of this study has been recently presented [10]. 1-butanol
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Scheme 2. Again, silent (and magnetically stirred) experiments served as control experiments. In these studies, we employed 200 mM of the inert dopant 1-propanol in the reaction mixture to ensure the rapid onset of cavitation in the ultrasoundassisted reactions. The motivation for this study is to examine whether cavitating ultrasound can increase the [saturated alcohol/trans olefin] molar ratio during the course of the reaction. This could have practical application in that it may offer an alternative processing methodology for synthesizing healthier edible seed oils by reducing trans-fat content of, for example, C18 oils.
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Saturated alcohol/Trans-olefin ratio



Results for this system are given in Figure 1 as the [saturated alcohol/trans] molar ratio versus extent of reaction (e.g., conversion). We have observed that cavitating ultrasound results in a [(saturated alcohol/trans olefin)ultrasound/(saturated alcohol/trans olefin)silent] ratio quantity greater than 2.0 at the reaction mid-point for both the C4 and C5 olefin systems. This indicates that ultrasound reduces transolefin production compared to the silent control experiment. Furthermore, there is an added 30% reduction for the C5 versus C4 olefin compounds again at reaction mid-point. We attribute differences in the ratio quantity as a moment of inertia effect. In principle, C5 olefins have a ~52% increase in moment of inertia about C2=C3 double bond relative to C4 olefins, thereby slowing isomerization. Since seed oils are C18 multiple cis olefins and have a moment of inertia even greater than our C5 olefin here, our study suggests that even a greater reduction in trans-olefin content may occur for partial hydrogenation of C18 seed oils.
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Figure 1. The saturated alcohol/trans-olefin ratio for the 2-buten-1-ol and 2-penten1-ol systems are shown versus extent of reaction (ξ). The following question can be asked in light of our study here: Can partial hydrogenation of edible seed oils as an industrial process ever be viable using cavitating ultrasound processing? Despite this study that suggests that cavitating ultrasound hydrogenation may have advantages over traditional processing methods, we can only make broad predictions extrapolating this work to the partial hydrogenation of actual C18 seed oils. For example, based on the cavitating ultrasound C5-olefin result here that ~50% hydrogenation occurred at ~80 seconds, it can be computed that it cost ~$0.35USD/lb for 50% hydrogenation (assuming electricity cost is $0.05USD/ kW-h and power usage was 280 W during treatment). Therefore, assuming similar costs for C18 seed oils, from an economic perspective the cost is likely not prohibitive. A second issue is the catalytic selectivity towards hydrogenation relative to isomerization (to the trans-olefin). Here, as an example, if we consider isomerization about the C9 position in linoleic acid there would be a roughly ~6.1-fold increase in moment of inertia for this particular double bond versus our C5-olefin [6-8], which from our result comparing our C4 and C5 olefins here suggests there would be an approximate 3.5-fold decrease in trans-olefin production in linoleic acid using cavitating ultrasound. For comparable amounts of
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hydrogenated (e.g., saturated alcohol) and trans-olefin content in our C5 experiment, this indicates that for a C18 seed oil there would still be ~18% [transolefin/hydrogenated species] content at reaction mid-point. This is likely still too much isomerization, thus improvements beyond the effects seen here would need to be seen in ongoing research of cavitating ultrasound chemical processing. H/D Isotope Substitution An H/D isotope effect study of the (H2 versus D2) hydrogenation of the aqueous substrates 3-buten-2-ol (3B2OL) and 1,4-pentadien-3-ol (14PD3OL) was performed using a Pd-black catalyst. Either H2O or D2O solvents were employed (for alcohol H/D isotope substitution). Despite the fact that this study suggests cavitation-only ultrasound processing is employed, again two experimental conditions of cavitating ultrasound (US) and stirred/silent (SS) methods were used. Products formed include 2-butanol and 2-butanone for the former, and 3-pentanol and 3-pentanone for the latter. The observed selectivity, and the pseudo-first order reaction rate coefficients (i.e., activity) to these products enabled a mechanistic interpretation for the various reaction conditions to be proposed. Temperature was maintained at 298 K. All substrate concentrations were 100 mM and either 1.0, 1.5, or 5.0 mg (±0.2 mg) of Pd-black catalyst were utilized. For the 3B2OL substrate, 100 mM of 1-propanol inert dopant was employed. Conversely, due to the difficulty in cavitating solutions containing the di-olefin substrate (14PD3OL), 275 mM of 1-propanol was used in this case. The concentrations chosen, in part, were based on a cavitation time onset of less than ca. 6 seconds for each substrate. For 3B2OL and SS processing, it has been noted that the difference in activity between 50 mM of 1-pentanol inert dopant and no inert dopant was a 50% enhancement in activity and only a 10% difference in selectivity [9]. In our study here for 14PD3OL and CUS processing yielded no difference in selectivity when 1-propanol versus 50 mM 1-pentanol inert dopant was employed, therefore we will not consider the different amounts of inert dopants used significant. Numerous experimental combinations of process conditions (SS or US), hydrogenation gas (H2 or D2), and solvent (H2O or D2O) have been explored. A summary of combinations we have chosen for study is presented in Table 2. In this table it is seen that the experiments are labeled B1-B7 for 3B2OL and P1-P6 for 14PD3OL. The second column lists the experimental conditions, whereas the third column lists the initial system concentration based on 100 mM of substrate and the amount of catalyst used. The penultimate column lists the final (extent of reaction > 95%) selectivity to ketone (2-butanone or 3-pentanone) and the final column lists the pseudo-first order substrate loss rate coefficient. The dataset contained in Table 2 enables numerous conclusions to be made regarding the reaction systems. The differences in initial concentrations (e.g., 67 versus 100 M/g-cat.) arise from the chosen convenience of having similar activities and therefore comparable reaction times.



220



Cavitating Ultrasound Hydrogenation



Substrate 3B2OL – B1 3B2OL – B2 3B2OL – B3 3B2OL – B4 3B2OL – B5 3B2OL – B6 3B2OL – B7 14PD3OL – P1 14PD3OL – P2 14PD3OL – P3 14PD3OL – P4 14PD3OL – P5 14PD3OL – P6



Conditions H2/H2O – US H2/D2O - US H2/H2O – SS H2/D2O - SS D2/H2O – US D2/H2O – SS D2/H2O – SS H2/H2O – US H2/D2O - US H2/H2O – SS D2/H2O – US D2/H2O – SS D2/H2O – SS



M/g-cat. 67. 67. 67. 67. 67. 67. 20. 100. 100. 100. 100. 100. 20.



% Sel. ketone 16. 9. 42. 32. 17. 36. 68. 17. 16. 28. 18. 32. 42.



k (min.-1) 2.7 4.3 0.0038 0.010 3.3 0.012 0.030 3.5 2.3 0.0068 2.3 0.0070 0.042



Table 2. Summary of 3-buten-2-ol (3B2OL) and 1,4-pentadien-3-ol (14PD3OL) experiments are given. The abbreviations US and SS are defined as cavitating ultrasound and stirred/silent processing, respectively. The percent selectivity to final ketone plus saturated alcohol sum to 100%. Based on the generally accepted model of olefin hydrogenation of Horiuti and Polayni [14], it is straightforward to postulate the reaction mechanism leading to formation of ketone and saturated alcohol for our two substrates. The proposed reaction mechanism for 3B2OL is given as scheme 1 in the Inert Dopant section. In scheme 1 it is seen that initially a single H-atom addition to the substrate occurs leading to the C3 alkyl radical intermediate. This intermediate, in turn, serves as a source of the two products (i.e., a branching point) in that either a second H-atom adds to the surface bound alkyl radical leading to 2-butanol (via reaction 2), or that a unimolecular C2 H-atom elimination occurs from the substrate to yield the enol that then tautomerizes to 2-butanone (via reaction 4). Based on scheme 1 it is straightforward to predict, at least qualitatively, the effect of H/D isotope substitution on the various reaction steps. For example, employing D2O instead of water as a solvent will result in deuteration of the (substrate) alcohol throughout the reaction sequence. Thus, aside from general solvent effects (which are assumed to affect activity more than selectivity) for all reaction steps, this scheme predicts that primarily the enol tautomerization step will be most effected as the olefin/O-H versus olefin/O-D bond rearrangement processes can be expected to be most different. Similarly, when comparing H2 versus D2 hydrogenation, the selectivity is expected to be different since the H-addition step (via reaction 2) may differ between H-addition and D-addition, however the unimolecular H-elimination step (via reaction 3) is identical as it remains unchanged upon differing hydrogenation gases employed. So here it can be concluded that differences will arise solely from differences in H-addition (via reaction 2).
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A somewhat more involved reaction scheme is required for 14PD3OL hydrogenation, and is illustrated in Scheme 3 below.



Scheme 3. In Scheme 3 for 14PD3OL, since this substrate is a di-olefin, there is hydrogenation (H-atom addition via reaction 1) to the first C4 alkyl radical intermediate that serves as the first branching point for either further hydrogenation (reaction 2) or enol formation (reaction 5). The latter enol, again, is expected to undergo tautomerization to the potentially stable intermediate 1-penten-3-one (reaction 7) and from here eventually hydrogenate to 3-pentanone (reaction 9). Alternatively, the intermediate 1-penten-3-ol can gain a second H-atom (reaction 3) to a second C2 surface-bound alkyl radical and serve as a second branching point for either additional hydrogenation to the saturated alcohol (3-pentanol, reaction 4), or another unimolecular H-elimination process (reaction 6) to the enol and (via reaction 8) form 3-pentanone. Thus because there are two surface bound alkyl radicals (i.e., two branching points), there are two opportunities for 3-pentanone formation, whereas scheme 1 above for 3B2OL only had one opportunity for ketone formation. Some general observations and tentative conclusions can be made of the results of Table 2. First, the activity of the US compared to SS processing were at least 250fold larger (e.g., compare for example B1/B3, B2/B4, or B5/B6). Second, variable catalyst loading experiments for stirred/silent D2 hydrogenation processing (e.g., compare B6/B7 or P5/P6) indicated that mass transfer of deuterium gas to the Pdsurface may have played a role such that higher catalyst loading reduced surface Datom concentrations and reduced saturated alcohol formation (e.g., via perhaps reduced D-atom addition to surface alkyl radicals). Third, for US processing the ketone selectivities for experiments employing water compared to D2O indicated that 3B2OL were twice as large (e.g., compare B1/B2), whereas for 14PD3OL they were
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comparable (e.g., compare P1/P2). According to scheme 1 of the previous section, this suggests, somewhat surprisingly, that for 3B2OL enol tautomerization to ketone is a slow, and possibly rate-controlling, process. Finally, again for US processing, the similarity in ketone selectivities (all ~17%) for H2 compared to D2, hydrogenation for both 3B2OL (e.g., compare B1/B5) and 14PD3OL (e.g., compare P1/P4) suggest that both H/D isotopes have rapid surface diffusion/reaction rates and hence give rise to nearly equal selectivies. Restated, it appears that the control (e.g., thermal) or cavitating ultrasound kinetic processes are similar and each provide sufficient energies to surmount any differences in surface H/D diffusional energy barriers. A final issue worthy of discussion is the concentration of intermediates during the reactions as measured by the sampling taken during the course of all reactions investigated. The experiments employing 3B2OL did not yield any intermediates of notable concentration. However, the experiments on 14PD3OL, conversely, formed a substantial 1-penten-3-ol (1PE3OL) intermediate concentration in the experiments. The maximum concentration of 1PE3OL occurred for experiment P4 (e.g., D2/H2O US) of Table 2 where it achieved a concentration of 42%. According to scheme 3 for 14PD3OL above, it can be suggested that the reaction velocity of the combined reactions 1 and 2 are of comparable magnitude to that of reaction 3. Furthermore, data for the identical system except SS processing (experiment P5 of Table 2) yielded an intermediate 1PE3OL concentration of only 18% (data not shown). The reason for the observed differences between the 1PE3OL intermediate concentrations for the US (42%, experiment P4) compared to SS processing (18%, experiment P5) is not known, but may be related to the possibility that 1PE3OL for the SS system desorbs less from the Pd surface following reaction 2 compared to US processing. The cause of this phenomenon would be the enhanced energy gained by the 1PE3OL intermediate at the Pd surface arising from cavitating ultrasound processing. Application of Transition State Theory to Traditional and Cavitating Ultrasound Olefin Exchange An olefin exchange process for cis-2-buten-1-ol is illustrated in scheme 4. Olefin exchange occurs when a simple cis olefin undergoes a D-atom addition yielding surface alkyl radicals that can eliminate either the substrate H-atom or newly gained D-atom in an activated unimolecular process to reform the olefin. The chemical mechanism we adopt is illustrated in Scheme 4, which clearly displays the addition-subtraction process, as summarized by Bond and Wells [15]. Upon deuteration of substrate to form the +D intermediate (I), two pathways can occur via the intermediate to form the trans-olefin, these include the C3(-H) or C3(-D) elimination reaction u3 resulting in isomerization. These processes are essentially CH or C-D bond activation processes, respectively. The process whereby cis-olefins isomerize to their trans form is generally understood as occurring through C-H activation of surface bound alkyl radical species. Here we present aqueous phase deuteration results of cis-2-buten-1-ol (100 mM) on Raney Nickel (125 mg).



Disselkamp et al.



223 cis-2-buten-1-ol HO υ2 -H (or D) cis-2-buten-1-ol



HO



υ1



HO



-H (or D) υ4



+H (or D) Ni surface



υ3



trans-2-buten-1-ol HO



Ni surface [I] - intermediate



1-butanol HO +H (or D)



Scheme 4. The results of our olefin exchange experiments are summarized in Figure 2. The deuterium number is given as a function of extent of reaction. The deuterium number is defined as the fractional amount of a given species that has gained +1 amu relative to the hydrogenation-only expected mass. The extent of reaction is simply the progress of the reaction where at c=0 all substrate exists, whereas at c=1 all product(s) exist. In our discussion here, substrate refers to the cis-olefin with zero deuterium number, and the (only) product is the saturated alcohol (e.g., 1-butanol) not of general interest here. A beneficial feature of our GC/MS analysis approach of the cis and trans olefins was the presence of a strong parent ion signal and weak parent-1 mass feature. Thus it was straightforward to quantify parent+1 olefin exchange. We did not observe parent+2, or larger, mass signals indicative of higher order exchange processes. It is seen that the substrate (cis) deuterium values are much less than those of the newly formed trans-olefins. This is expected as initially (at c=0) only H-containing cis-olefins are present. Significantly, the cavitating ultrasound trans values (trans-US) are much larger than the conventional processing values (trans-MS). This data will be analyzed further, after a model of the deuteration process is presented. Cis-MS Trans-MS Cis-US Trans-US
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Figure 2. Deuterium number is shown versus extent of reaction for control (MS) as well as ultrasound (US) experiments. Two limiting cases of this C3(-H) or C3(-D) elimination chemistry are possible. In one mechanism, rapid energy input into the C-H/D reaction coordinate suggests that an excess of energy, beyond the barrier height, can occur. Here one expects a nearly statistical distribution of reaction pathways. Thus, the deuterium number (deuterium exchange fraction) should be 0.5. At more moderate vibrational
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temperatures, we can rigorously apply transition-state theory to describe the u3 C3(H) and C3(-D) elimination processes. In this scenario, the ratio of rate coefficients for C-D and C-H elimination from the surface intermediate is given by [16],



kD = (Qt,D/Qt,H ) (Q†D / Q†H ) kH



(1) where Qt,D and Qt,H are tunneling terms and Q†D and Q†H are the partition functions of the transition state. For a sufficiently large barrier to reaction, which is reasonable for our system, the tunneling correction is close to unity [16-18]. Here we approximate the Q†D and Q†H terms of equation (1) by the two bending modes of both C-C-H and C-C-D, respectively. In particular, we estimate these terms using data for ethane and deutero-ethane [19] where: w1(D)=503, w2(D)=661, w1(H)=671, and w2(H)=849 cm-1, where w1 is the out-of-plane CH bond bending mode. Using expressions for the vibrational partition function results in kD/kH=0.39, or a transition-state theory predicted deuterium number (via kD/(kD+kH)) of 0.28 at 298 K. These predictions can now be compared to experiment. Examining our dataset of Figure 2 leads to extrapolated c→0 trans-olefin deuterium numbers of 0.20 (MS) and 0.46 (US). The former value is close to that predicted by transition state theory just described. We propose, therefore, that the less energetic conventional (thermal) processing approach yields trans-olefin primarily through the C3-H/D elimination given by transition-state theory employing the reaction temperature of 298 K. Conversely, the results for the more energetic cavitating ultrasound system is also explainable using transition-state theory except that a much higher, non-equilibrium (compared to the thermal bath), vibrational temperature is required to model the deuterium number of 0.5. This is because transition-state theory predicts that the deuterium number asymptotically approaches 0.5 as the temperature approaches infinity. A temperature of 800 K results in a computed deuterium number of 0.40, thus this is likely the minimum vibrational temperature that describes the cavitating ultrasound system. This assignment is supported, indirectly, by the measured activities of these experiments. For example, the activities were measured to be (in M/g-catalyst hour): 0.98 (MS-H2); 0.61 (MS-D2); 180 (US-H2); and 190 (US-D2). Hence, the ~250-fold greater activities of the ultrasound systems is consistent with the expected, more rapid, statistical C-H/D dissociation process as compared to the conventional (e.g., stirred/silent) mediated systems. Additional support for this model arises from a study of gas phase cis-2-butene isomerization to trans-2-butene [15] at 291 K. Here the c→0 extrapolated trans deuterium number of ~0.27 is supportive of C3-H/D elimination predicted by transition-state theory in this system at thermal equilibrium (e.g., vibrational temperature equal to translational temperature). In the context of the accepted olefin isomerization mechanism, our results illustrate that transition-state theory can accurately model the competition between C-H and C-D activation for olefin exchange (isomerization) for the case of
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conventional catalytic processing. This is the case also for a catalytic process that includes cavitating ultrasound, although the model then requires a much higher vibrational temperature (at least ~800 K) in order to simulate the selectivity of the deuterium exchange process. Thus, cavitating ultrasound likely incorporates a high level of molecular vibrational excitation, suggesting that the vibrational temperature is not in equilibrium with the thermal (e.g., translational) temperature as the chemistry proceeds along a traditional reaction path. These results suggest that cavitating ultrasound chemistries can only be explained by a surface energy of >800 K which is much greater than the solution (e.g., bath) temperature of 300 K employed. Acknowledgements We would like to thank Dr. James F. White (PNNL) for fruitful discussions during the course of this project. SMC and KRB were supported from DOE Preservice Teacher (PST) and Community College Initiative (CCI) Office of Fellowship programs for undergraduates, respectively, during the summer of 2005. This project was performed in the Environmental Molecular Sciences Laboratory (EMSL) and funded from a Laboratory Directed Research and Development (LDRD) grant administered by Pacific Northwest National Laboratory (PNNL). The EMSL is a national scientific user facility located at PNNL and supported by the U.S. DOE Office of Biological and Environmental Research. PNNL is operated by Battelle Memorial Institute for the U.S. Department of Energy. References 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
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Abstract Vitamin B1 can, among various other synthetic routes, be prepared via the key intermediate 5-cyano-pyrimidine (698-29-3) followed by the selective hydrogenation of its nitrile function with a base metal catalyst to the corresponding primary amine “Grewe diamine”. The selectivity of this hydrogenation is typically controlled by the addition of ammonia and this usually increases the Grewe diamine selectivity up to 96.4%. However the current commercial conditions demand that one improves this selectivity to over 99%. It was found that one could improve the selectivity of the activated nickel catalyst by treating it with formaldehyde, carbon monoxide, acetone or acetaldehyde prior to its use. The most productive treatment was with formaldehyde leading to a Grewe diamine selectivity of 99.7% and carbon monoxide was the next best modifier giving a selectivity of 98.8% for this primary amine. The other modifiers were clearly less effective. The comparison of the various modifiers and their performances for nitriles other than pynitrile, have indicated that the efficacy of the modifier is dependent on its ability to restructure and decompose on the catalytic surface leading to the formation of more selective active sites. Introduction Vitamin B1 (a.k.a., thiamin and aneurin) serves a number of essential metabolic functions such as the conversion of fats and carbohydrates to energy as well as for the maintenance of healthy nerves and muscles (1,2). Vitamin B1 occurs naturally in small amounts in many foods, however it is not stable under conditions of heat and in the presence of alkali, oxygen and radiation (e.g., sunlight). Hence, a considerable amount of the naturally occurring vitamin B1 is destroyed during food preparation (2,3,4). Since the body has a high vitamin B1 turnover and is not able to store it very well, the use of vitamin B1 supplements (especially for diets high in carbohydrates and physically active people) is advisable for the avoidance of disorders such as Beriberi and the Wernicke-Korsakoff syndrome. Vitamin B1 is produced on an industrial scale in multiple step syntheses (1) meaning that even the smallest improvement in the yield of one of the steps can have a large impact on the overall economics of this product. This is particularly true for the mid-to-later steps
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such as the hydrogenation of pynitrile to the Grewe diamine that is processed further to vitamin B1 (5). The yield of this hydrogenation could be improved from 96.4% to 99.7% by the use of newly developed modified activated Ni catalysts (6). This work explores the reasons for this improvement and use of this new catalyst for the hydrogenation of other nitriles. Results and Discussion Table 1 shows the reaction conditions of the tests performed here and Table 2 describes the modifications of these catalysts with different modifying agents. The mechanism of pynitrile hydrogenation and the formation of the secondary amine is depicted in Figure 1 and Figure 2 displays the reaction data for the hydrogenation of pynitrile over activated Ni (B 113 W), activated Co (B 2112 Z) and Ni/SiO2 catalysts with and without the formaldehyde treatment. The reaction results seem to be very similar for all of the catalysts before formaldehyde treatment and even though all of the catalysts are considerably better after this treatment, the activated Ni catalyst observed the greatest improvement and overall result. It was found earlier that formaldehyde disproportionates over Ni (110) surfaces at low temperature (95 K) to form methanol and carbon monoxide (7). The freshly formed carbon monoxide adsorbs strongly on the metal to function as a site blocker and possibly as an electronic modifier of the nearby active sites. Studies on the chemisorption of CO over Ni have shown that both the bridged and linear species are formed and their amounts are dependent on the surface coverage and temperature, where desorption occurs around 170°C (8,9,10,11). This agrees with our temperature programmed oxidation data, where the formaldehyde treated catalyst formed a measured amount of CO2 in the range of 200 to 370°C, while maintaining the other structural characteristics of the catalyst (12). Clearly the chemisorbed CO on Ni is strong enough to survive the conditions used here for both the treatments and the hydrogenations. Other reactions which could take place are: (a) the reverse reaction, i.e., the hydrogenation of CO with H2 to CH2O, however Newton and Dodge (13) found that Ni at even at 200°C is far more likely to decompose formaldehyde to CO and H2 (Kdecomposition = 1800) than it is to hydrogenate CO to formaldehyde (Khydrogenation = 2.3 x 10-5). Hence the adsorbed CO will not be reduced during the hydrogenation; (b) the in situ generated methanol could also readsorb to form chemisorbed CO and hydrogen, or even possibly form a hydrogen deficient polymeric species on the catalyst. The reaction data further suggest (as from the evolution of CO and formation of methanol) that the activated Ni catalyst utilize the formaldehyde treatment more effectively than the activated Co and the Ni/SiO2. From this it can be expected that the activated Ni performs better than the activated Co in this respect, however it is surprising that the supported Ni/SiO2 catalyst is not enhanced as much as the activated Co by this treatment. This unexpected difference may have to do with a possible interaction between the support and Ni to influence parameters such as the level of Ni reduction and the resulting Ni crystal size. Due to these results and the unpredictable price swings of the more expensive Co, it was decided to focus on the activated Ni catalyst for the rest of these studies.
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Table 1. The reaction conditions for the various nitrile hydrogenations Reaction



bar



°C



hours



Benzonitrile 40 100 Benzonitrile 40 100 Pynitrile 40 110 Pyridine-3-carbonitrile 40 100 Valeronitrile 20 120 a the solvent was methanol in all cases



grams nitrile 100 100 40 40 80



3 3 5 3 5



grams NH3 0 15 300 31 15



ml of solventa 2000 2000 1475 2000 2000



Table 2. The treatment conditions with the aqueous slurries of the modifiers. Catalyst



Mod. °C hours amt.a B 113 W Ni formaldehyde 0.839 25 1 B 113 W Ni carbon dioxide 1.487 25 1 B 113 W Ni benzaldehyde 0.591 25 1 B 113 W Ni formaldehyde 0.840 25 0.5 B 2112 Z Co formaldehyde 0.840 25 1 Ni/SiO2 Ni formaldehyde 0.831 25 1 B 113 W Ni carbon monoxide 0.268 25 0,5 B 113 W Ni acetone 2.296 25 1 B 113 W Ni acetaldehyde 0.908 60 1 B 113 W Ni formaldehyde 0.908 25 1 B 113 W Ni formaldehyde 3.090 25 1 a Amount of modifier in mmoles of modifier per gram of catalyst. b Pyridine-3-carbonitrile
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Figure 1. The hydrogenation mechanism of pynitrile and the possible formation of the corresponding secondary amine.
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Figure 2. Pynitrile hydrogenation over fresh and treated activated Ni (B 113 W), activated Co (B 2112 Z) and Ni/SiO2 catalysts in the presence of NH3. 100% %Selectivity from Pynitrile Hydrogenation
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Figure 3. Pynitrile hydrogenation in NH3 over B 113W after different modifications. In any case, the treatment of the catalyst results in a more selective (regarding the formation of primary amine) hydrogenation of nitriles. This effect could be explained on a molecular basis by electronic (work function) and/or steric effects by strongly adsorbed species that function to partition the wide-open active surface of Ni and Co catalysts into smaller active sites composed of a controlled number of
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metal atoms. These newly formed ensembles would then prefer reactions like the hydrogenation of the nitrile to the primary amine that can take place on smaller sites, while disallowing the formation and adsorption of larger molecules such as the alpha amino secondary amine and the Schiff’s base that are depicted in Figure 1. Figure 3 displays the effectiveness of other modifiers for Grewe diamine formation and interestingly CO itself is not as effective as formaldehyde. Apparently the presence of hydrogen in the modifying molecule improves its ability to generate more selective sites, meaning that the formaldehyde generated carbonaceous layer on the catalyst is more than just strongly adsorbed CO. However the modification with CO is still better than that with acetone and acetaldehyde. While the acetone and acetaldehyde modified catalysts are similarly slightly more selective than the untreated catalyst, the acetone modified one produces far more secondary amines and less of the other side products than the acetaldehyde modified catalyst. Clearly acetaldehyde forms a different type of residue on the metal than acetone and that is to be expected by the structures of these molecules. Figure 4 shows the benzonitrile hydrogenation results over fresh and formaldehyde treated catalysts both with and without ammonia. In the absence of ammonia, the formaldehyde treated catalyst is distinctly better than the fresh one and its primary amine selectivity is comparable to that of the fresh catalyst with ammonia. Logically, using the treated catalyst with ammonia gave the best results. Since less ammonia was used for the hydrogenation of benzonitrile than pynitrile, its primary amine selectivity was also lower, however the selectivity trends for both of these nitriles were the same for the formaldehyde treated catalyst. Treating the catalyst with carbon dioxide also increased its benzylamine selectivity to plainly show that carbon dioxide is not as inert in the presence of an activated Ni catalyst as it is sometimes thought to be. The data suggest that carbon dioxide can decompose on the catalyst to form an effective carbonaceous layer that enhances benzylamine formation. Benzaldehyde treatment also improved benzylamine selectivity in a similar fashion. It is known that benzaldehyde decarbonylates on Pd and Pt catalysts (14) and it is not surprising that it could also do so on Ni to generate in-situ CO for the effective modification of the catalyst. Figure 5 displays the structures of the other nitriles studied here and Figure 6 shows their hydrogenation data. Due to the different amounts of ammonia (Table 1), it is difficult to directly compare the absolute primary amine selectivities of these tests, however the formaldehyde treatment clearly improves the primary amine selectivity more for aromatic nitriles than for aliphatic ones. Unlike the aliphatic nitriles, the aromatic ones adsorb stronger and longer on clean catalytic surfaces via both the aromatic ring and the nitrile moiety leading to higher levels of secondary amines. Hence weakening the adsorption of aromatic nitriles with smaller ensembles via the deposition of carbonaceous residues inhibits the formation and adsorption of larger molecules leading to lower secondary amine levels. Nonetheless, the valeronitrile data distinctly show that this treatment is also useful for improving the already high primary amine selectivity of aliphatic nitrile hydrogenation.



232



%Selectivity from Benzonitrile Hydrogenation



100%



Hydrogenation of Pynitrile 0.6



0.2 3.8



95%



85%



0.1



1.0



5.3



8.1



4.8



15.4



12.6



90%



0.6



29.8



80%



94.1



75%



94.2



91.8



84



83.6



Other products Secondary amine Primary amine



70%



70 65% B 113 W (Ni)



B 113 W (Ni) RXN with NH3



B 113 W (Ni) treated with formaldehyde



B 113 W (Ni) treated with formaldehyde RXN with NH3



B 113 W (Ni) treated with carbon dioxide RXN with NH3



B 113 W (Ni) treated with Benzaldehyde RXN with NH3



Figure 4. The effects of NH3 and modifiers on Benzonitrile hydrogenation over Ni. N C
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Figure 5. The structures of the other nitriles hydrogenated during this work.
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Figure 6. The hydrogenation of various nitriles with NH3 over fresh and formaldehyde treated (FT) Ni catalysts (B 113 W). See Table 1 for details.
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In conclusion, the treatment of activated Ni, activated Co and Ni/SiO2 catalysts with formaldehyde improves the primary amine selectivity of nitrile hydrogenation. This treatment works better for the activated Ni catalyst than it did for the activated Co and these sponge-type catalysts respond better to it than the Ni/SiO2. The best modifiers (e.g., formaldehyde) are those that decompose into strongly adsorbing compounds (e.g., CO) and the presence of hydrogen in the modifying compound is beneficial. The improved primary amine selectivity appears to be caused by electronic and/or steric effects such as the formation of smaller ensembles via the deposition of the appropriate carbonaceous residues on the catalyst. While this treatment improves the primary amine selectivity for aliphatic nitriles, it enhances the primary amine selectivity for aromatic nitriles even more so as seen by the 99.7% yield of Grewe diamine from pynitrile. Experimental Section The hydrogenation of pynitrile was carried out in an autoclave with either 5 grams of an activated Ni (B 113 W), 10 grams of an activated Co (B 2112 Z) or 8 grams of a Ni/SiO2 catalyst under the conditions described in Table 1. Only in the case of the acetone treated activated Ni catalyst was the amount increased to 6 grams for the hydrogenation of pynitrile. Benzaldehyde, pyridine-3-carbonitrile and valeronitrile were hydrogenated with 5.7 to 6.0 grams, 5.3 grams and from 20 to 21.9 grams of an activated Ni catalyst respectively according to the conditions in Table 1. The modification treatments were carried out as the aqueous suspensions of the catalyst with the modifier under the conditions described in Table 2. Acknowledgments The authors thank DSM Nutritional Products Ltd. and Degussa AG for the permission to present this work. References 1. http://www.dsm.com/en_US/html/dnp/prod_vit_b1.htm 2. http://www.chm.bris.ac.uk./webprojects2002/schnepp/viatminb1.html 3. V. Tanphaichitr, Thiamin, in Modern Nutrition in Health and Disease, 9th ed., William & Wilkins, Baltimore, 1999, 391-399. 4. M. Kimura, Y. Itokawa and M. Fujiwara, J.Nutr.Sci.Vitaminol, 36, 17-24 (1990) 5. J.H. Hui, Encyclopedia of Food Science and Technology, John Wiley, New York, 1992. 6. Degischer, O.G. and Roessler, F. EP 1108469 to Hoffmann-La Roche AG (2000). 7. L.J. Richter and W. Ho, J. Chem. Phys, 83, 5, 2165-2169 (1985). 8. J.T. Yates and D.W. Goodman, J.Chem. Phys., 73, 10, 5371-5375 (1980). 9. A. Bandara, S. Katano, J. Kubota, K. Onda, A. Wada, K. Domen and C. Hirose, Chem. Phys Lett., 290, 261-267 (1998).
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Deactivation of Sponge Nickel and Ru/C Catalysts in Lactose and Xylose Hydrogenations Jyrki I. Kuusisto, Jyri-Pekka Mikkola and Tapio Salmi Laboratory of Industrial Chemistry, Process Chemistry Centre, Åbo Akademi University, Biskopsgatan 8, FIN-20500 Turku, Finland



Abstract Catalyst deactivation during consecutive lactose and xylose hydrogenation batches over Mo promoted sponge nickel (Activated Metals) and Ru(5%)/C (Johnson Matthey) catalysts were studied. Deactivation over sponge nickel occurred faster than on Ru/C in both cases. Product selectivities were high (between 97 and 100%) over both catalysts. However, related to the amount of active metal on the catalyst, ruthenium had a substantially higher catalytic activity compared to nickel. Introduction The importance of catalyst stability is often underestimated not only in academia but also in many sectors of industry, notably in the fine chemicals industry, where high selectivities are the main objective (1). Catalyst deactivation is inevitable, but it can be retarded and some of its consequences avoided (2). Deactivation itself is a complex phenomenon. For instance, active sites might be poisoned by feed impurities, reactants, intermediates and products (3). Other causes of catalyst deactivation are particle sintering, metal and support leaching, attrition and deposition of inactive materials on the catalyst surface (4). Catalyst poisons are usually substances, whose interaction with the active surface sites is very strong and irreversible, whereas inhibitors generally weakly and reversibly adsorb on the catalyst surface. Selective poisons are sometimes used intentionally to adjust the selectivity of a particular reaction (2). Catalyst deactivation often plays a central role in manufacturing of various alimentary products. Sugar alcohols, such as xylitol, sorbitol and lactitol, are industrially most commonly prepared by catalytic hydrogenation of corresponding sugar aldehydes over sponge nickel and ruthenium on carbon catalysts (5-10). However, catalyst deactivation may be severe under non-optimized process conditions.
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Experimental Section Aqueous lactose (40 wt-% in water) and xylose (50 wt-%) solutions were hydrogenated batchwise in a three-phase laboratory reactor (Parr Co.). Reactions with lactose were carried out at 120 ˚C and 5.0 MPa H2. Xylose hydrogenations were performed at 110 ˚C and 5.0 MPa. The stirring rate was 1800 rpm in all of the experiments to operate at the kinetically controlled regime. For lactose hydrogenations were used 5 wt-% (dry weight) sponge nickel and 2 wt-% (dry weight) Ru/C catalyst of lactose amount. In case of xylose, 2.5 wt-% (dry weight) sponge nickel and 1.5 wt-% (dry weight) Ru/C catalyst of xylose amount were used. Prior to the first hydrogenation batch, the Ru/C catalyst was reduced in the reactor under hydrogen flow at 200 ˚C for 2 h (1.0 MPa H2, heating and cooling rate 5 ˚C/min). The reactor contents were analysed off-line with an HPLC, equipped with a Biorad Aminex HPX-87C carbohydrate column. Results and discussion Xylose hydrogenation gave xylitol as a main product (selectivity typically over 99 %) and arabinitol, xylulose and xylonic acid as by-products. In lactose hydrogenation, the main product was lactitol (selectivity typically between 97 and 99 %) and lactulitol, galactitol, sorbitol and lactobionic acid were obtained as by-products. Studies about xylose hydrogenation to xylitol suggested that the main reasons for the sponge nickel deactivation were the decay of accessible active sites through the accumulation of organic species in the catalyst pores and by poisoning of the nickel surface. Deactivation during consecutive xylose hydrogenation batches over Ru/C catalyst was insignificant (Fig. 1A). Catalyst deactivation during consecutive lactose hydrogenation batches occurred faster than during the xylitol manufacture (Fig. 1B). One of the problems encountered in the catalytic hydrogenation of aldose sugars is the formation of harmful by-products, such as aldonic acids. E.g. formation of Dgluconic acid is known to deactivate glucose hydrogenation catalysts by blocking the active sites (9,10). Furthermore, aldonic acid formation increases leaching of metals, since they are strong chelating agents. Under non-optimized conditions, lactobionic acid is formed as a by-product during lactose hydrogenation and xylonic acid in xylose hydrogenation.
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Figure 1. A. Consecutive xylose hydrogenation batches over 2.5 wt-% sponge nickel and 1.5 wt-% Ru/C catalyst. B. Catalyst deactivation during consecutive lactose hydrogenation batches over 5 wt-% sponge nickel and 2 wt-% Ru/C catalyst. Influence of aldonic acids (lactobionic acid and xylonic acid) to reaction rate and catalyst deactivation were tested in consecutive hydrogenations of lactose and xylose over the nickel catalyst, with and without aldonic acid addition in the aqueous reactant solutions (Fig. 2A and 2B). Lactobionic acid seemed to retard more lactose hydrogenation than xylonic acid influenced xylose hydrogenation. Moreover, the abilities of different sugar aldehydes to get dehydrogenated varies (11). In general, sugars containing glucose moiety (such as glucose, lactose and maltose) are dehydrogenated easier than xylose. 100
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Figure 2. A. Consecutive xylose hydrogenation batches over sponge nickel catalyst (XA=xylonic acid). B. Influence of lactobionic acid (LBA) on lactose hydrogenation rate.
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Moreover, in consecutive lactose hydrogenation batches, recycled sponge nickel catalyst was able to adsorb substantially less hydrogen compared to a fresh catalyst according to our hydrogen temperature programmed desorption (TPD) measurements. Also, this indicates poisoning of active sites. Regeneration of catalysts poisoned by strongly adsorbed acidic species may be achieved by catalyst washing in a basic medium, such as caustic solution. In case of sponge nickel catalyst deactivated by lactobionic acid, we were able to desorb by alkali wash 2 wt-% lactobionic acid of the total catalyst amount, thus returning the catalyst activity almost to the original level. However, too high pH during alkali wash of sponge nickel catalyst should be avoided, since at higher alkali concentrations, aluminium and molybdenum leaching increases. An integrated ultrasound treatment of the sponge nickel catalyst during the hydrogenation of sugar species has shown to retard catalyst deactivation by removing strongly adsorbed organic impurities that occupy active sites (12,13). Furthermore, hydrogen solubility in the reaction mixture may be improved by adding an organic solvent into the aqueous sugar solution and thus suppressing the formation of aldonic acids and retarding catalyst deactivation. For instance, xylose hydrogenation over sponge nickel catalyst proceeded much faster in ethanol-water solutions and catalyst deactivation was retarded compared to hydrogenations in pure water (14). However, various sugar species have very limited solubilities in organic solvents, which limits the use of this method. Acknowledgements This work is part of the activities at the Åbo Akademi Process Chemistry Centre within the Finnish Centre of Excellence Programme (2000-2011) by the Academy of Finland. Financial support from the National Technology Agency (Tekes), Danisco Sweeteners and Swedish Academy of Engineering Sciences in Finland is gratefully acknowledged. References 1. 2. 3. 4. 5. 6.
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Selectivity Control in 1-Phenyl-1-Propyne Hydrogenation: Effect of Modifiers S. David Jackson and Ron R. Spence



WestCHEM, Department of Chemistry, The University, Glasgow, G12 8QQ, Scotland [email protected] Abstract The use of modifiers in controlling the selectivity in liquid phase alkyne hydrogenation has been studied. Modifiers that are more strongly bound than the intermediate alkene inhibit hydrogenation and isomerization giving high stereo- and chemo-selectivity. One modifier increased the rate of alkyne hydrogenation Introduction Control of selectivity in alkyne hydrogenation is a constant industrial problem. In large scale acetylene hydrogenation plants carbon monoxide is often used as a modifier to enhance the selectivity to ethylene (1, 2, 3). This option is not well suited to liquid phase hydrogenations. However the basic concept where a more strongly bonding agent is added to the feedstream is one that can be developed for liquid phase systems. Ideally the system should achieve 100 % conversion of the alkyne with no conversion of the alkene. Typically alkene selectivity is high until most of the alkyne has reacted. This is usually considered to be due to the stronger adsorption of the alkyne inhibiting re-adsorption of the alkene, so that only when there is insufficient alkyne to maintain high coverage does alkene hydrogenation begin in earnest. In this paper we will report on using a series of modifiers to enhance selectivity during 1-phenyl-1-propyne over a Pd/alumina catalyst. The modifiers, transcinnamaldehyde, trans-cinnamonitrile, 3-phenylpropionitrile, and 3phenylpropylamine, were chosen to have a functionality that potentially could adsorb more strongly than an alkene and to be unreactive under the reaction conditions. Results and Discussion The reaction profile of 1-phenyl-1-propyne over Pd/alumina is shown in Figure 1. 1Phenyl-1-propyne was hydrogenated to cis-β-methylstyrene and phenylpropane. Only trace levels of trans-β-methylstyrene were detected and further hydrogenation
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of cis-β-methylstyrene to phenylpropane occurred once the majority of the 1-pheny1-propyne had reacted.
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Figure 1. Reaction profile for 1-phenyl-1-propyne hydrogenation. The reaction of 1-phenyl-1-propyne (1PP) was then studied after modifying the catalyst with trans-cinnamaldehyde (TCA), trans-cinnamonitrile (TCN), 3phenylpropionitrile (3PPN), and 3-phenylpropylamine (3PPA). The first-order rate constant calculated for the loss of 1-phenyl-1-propyne in each of the systems is reported in Table 1. All the modifiers were unreactive under the conditions used. Table 1. First-order rate constants (min-1) for the hydrogenation of 1-phenyl-1propyne in the presence of modifiers. NM, 1PPa TCAb TCNc 0.10 0.03 0.07 a NM, not modified, 1PP, 1-phenyl-1-propyne. b TCA, trans-cinnamaldehyde. c TCN, trans-cinnamonitrile. d 3PPN, 3-phenylpropionitrile. e 3PPA, 3-phenylpropylamine
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Rather surprisingly the 3PPN modifier increased the rate of 1PP hydrogenation. This type of effect has been observed before with unsaturated systems (4, 5) and has
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been related to enhancing surface hydrogen transfer due to changes in retained species (5). The alkene selectivity as a function of conversion is shown in Figure 2. 100
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Figure 2. Plot of conversion Vs selectivity The average cis:trans ratio for methylstyrene was determined and is reported in Table 2. Table 2. Average cis:trans ratio of alkene intermediate in 1PP hydrogenation. 1PP 519



TCA 1164



TCN 1031



3PPN 19



3PPA 905



It is clear from Figure 2 that the modifiers have an effect on the selectivity to the alkene. TCN and TCA modified systems maintain alkene selectivity at ≥ 90 % over the full range of 1PP conversion. 3PPA modified system shows an enhanced selectivity but as conversion increases to 100 % there is a slight drop off. These three modified systems all show higher alkene selectivity than the unmodified 1PP, which has a declining selectivity with conversion, but lies mainly between 80 – 60 %. The TCA, TCN, 3PPA modifiers also affect the cis:trans ratio of the methylstyrene. Very high cis:trans ratios are observed in these systems. These results show that the TCA, TCN, and 3PPA modifiers do inhibit re-adsorption of the
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alkene. When there is little or no re-adsorption, the production of phenylpropane is inhibited. At 55 % conversion, 1PP hydrogenation modified with TCA produces only 13 % of the amount of phenyl-propane that is produced in the absence of the modifier. At 100 % conversion of 1PP a similar reduction is seen when TCN is the modifier. This inhibition of alkene re-adsorption is also observable in the cis:trans ratio of methylstyrene. The high cis:trans values confirm that cis-β-methylstyrene is the primary product with only around 0.1 % of the alkene produced being trans-βmethyl-styrene. When re-adsorption and isomerisation occur the cis:trans value drops to 19, reflecting the thermodynamic drive to produce the trans isomer. Therefore the unsaturated aldehyde, the unsaturated nitrile, and the saturated amine all bond more strongly than methylstyrene to the palladium surface. The saturated amine has adsorption energetics that are close to those of methylstyrene showing only a limited effect. The saturated nitrile however enhances not just the alkyne hydrogenation but also the alkene hydrogenation. This suggests that the saturated nitrile affects the rate determining hydrogen transfer aspect of the hydrogenation. Rate enhancement effects have been previously observed in competitive reaction systems containing alkynes and alkenes (4, 5) and a similar conclusion drawn. The exact mode of operation is however unclear and requires further investigation. Experimental Section The catalyst used throughout this study was a 1% w/w palladium on alumina supplied by Johnson Matthey. The support consisted of θ-alumina trilobes (S.A. ~100 m2g-1) and the catalyst was sized to 99 %) were used without further purification. No significant impurities were detected by GC. The gases (BOC, >99.99 %) were used as received. The reaction was carried out in a 0.5 L Buchi stirred autoclave equipped with an oil jacket and a hydrogen-on-demand delivery system. 0.05 g of catalyst was added to 278 mL of degassed solvent, propan-2-ol. Reduction of the catalyst was performed in situ by sparging the solution with H2 (300 cm3min-1) for 30 minutes at 343 K at a stirring speed of 300 rpm. After reduction, the autoclave was adjusted to 313 K under a nitrogen atmosphere and 1 mL of modifier was added in 10 mL of degassed propan-2-ol. The system was pressurized to 3 bar hydrogen and the stirrer set to 1000 rpm. After 1 h, 1 mL of 1-phenyl-1-propyne was added to the reactor in 10 mL of degassed solvent. Samples were taken at defined time intervals and analyzed by GC. Specific reactions were repeated at different stirrer speeds and equivalent rates and selectivities were observed indicating and absence of mass transfer within the system.
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Hydrogenation and Isomerization Reactions of Olefinic Alcohols Catalyzed in Homogeneous Phase by Rh(I) Complexes



Maria G. Musolino, Giuseppe Apa, Andrea Donato and Rosario Pietropaolo Department of Mechanics and Materials, Faculty of Engineering, University of Reggio Calabria, Loc. Feo di Vito, I-89060 Reggio Calabria, Italy [email protected] Abstract Homogeneous hydrogenation and isomerization reactions of α,β-unsaturated alcohols have been investigated in ethanol by using tris(triphenylphosphine) chlororhodium(I), RhCl(PPh3)3, and triethylamine at 303 K and 0.1 MPa hydrogen pressure. The results can be interpreted on the basis of a proposed mechanism in which RhH(PPh3)3 is the active species. A comparison is also reported with analogous reactions carried out in the absence of NEt3. Introduction In a previous paper we have investigated homogeneous hydrogenation and isomerization reactions of (Z)-2-butene-1,4-diol in ethanol at 303 K by using the Wilkinson catalyst (RhCl(PPh3)3) in the presence of triethylamine. Although RhCl(PPh3)3 was, so far, largely used for hydrogenation reactions and mainly affords fully hydrogenated compounds, it is worth noting that such a catalyst, in the presence of triethylamine and (Z)-2-butene-1,4-diol, is more selective towards the geometric isomerization product, (E)-2-butene-1,4-diol (1). In this work we extend our study to the hydrogenation and isomerization of a series of α,β-unsaturated alcohols, such as 2-propen-1-ol (A2), (E)-2-buten-1-ol (EB2), (Z)-2-penten-1-ol (ZP2), (E)-2-penten-1-ol (EP2), (Z)–2-hexen-1-ol (ZH2), (E)–2-hexen-1-ol (EH2), carried out in the presence of RhCl(PPh3)3, with and without triethylamine (NEt3), at 303 K, using ethanol as solvent. The major targets of our research are to investigate the influence of the unsaturated alcohol structure on the product distribution and to verify the possibility of extending the results, previously obtained with (Z)-2-butene-1,4-diol, to other analogous substrates. Results Reactions of α,β-unsaturated alcohols with hydrogen were carried out in the presence of RhCl(PPh3)3, with and without NEt3, at 303 K, 0.1 MPa hydrogen pressure and using ethanol as solvent. Under the experimental conditions adopted, the reaction, in
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the presence of NEt3, proceeds according to the following scheme (in the case reported below we consider a Z geometric isomer as starting material): RCH2
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Three main reaction routes are operating. In addition to the fully hydrogenated product, double bond and geometric isomerization derived compounds were also detected. Indeed, the double bond migration process from 2-3 carbons to the 2-1 (see the above scheme), involving, in this case, the carbon atom bearing the -OH group, affords the aldehydes through a vinyl alcohol intermediate. No hydrogenolysis products were observed and only a small amount of compounds, where the double bond moves from the 2-3 to the 3-4 carbons, was detected. The selectivity and the yield of the process depend mainly on three different factors: i) the catalytic species in solution; ii) the geometric isomer structure of the organic substrate; iii) the chain length of the reacting compound. Taking into account some of our previous results (1), showing the formation of an 1:1 electrolyte by conductometric measurements on the same rhodium(I) coordinated system, used in this paper, and including also an interesting observation by Schrock and Osborn (2), the following equilibria may be considered in our system: RhCl(PPh3)3 + H2 + solv H2RhCl(PPh3)2(solv) + NEt3 + PPh3



H2RhCl(PPh3)2(solv) + PPh3 RhH(PPh3)3 + NEt3H+ + Cl- + solv



Consequently, in the absence of NEt3, the main catalytic species should be H2RhCl(PPh3)2(solv), whereas, in the presence of NEt3, RhH(PPh3)3 should be formed. We are aware that such a conclusion is somewhat speculative; however, it seems the most likely if we look at all the experimental data reported on the subject. Table 1 reports experimental results concerning both activity and product distribution, determined in different conditions. Since the Rh(I) mono hydride complex is a catalytic species, it is reformed in every step of the reaction and its concentration remains constant. Therefore, rate data are calculated by the ratio of slopes of plots of organic substrate concentration, divided by the Rh(I) concentration, versus reaction time. The slope of these curves is obtained at about 70 % conversion of the substrate.
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Figure 1 shows a typical product composition-time plot of hydrogenation and isomerization reactions at the reported experimental parameters. 100



(Z)-2-Penten-1-ol Valeraldehyde n-Pentanol (E)-3-Penten-1-ol (Z)-3-Penten-1-ol (E)-2-Penten-1-ol



Composition (%)



80 60 40 20 0



0



100



200



300



400



500



Time (min)



Figure 1. Composition - time profile for the hydrogenation and isomerization reaction of (Z)-2-penten-1ol in ethanol at 303 K and at 0.1 MPa H2 pressure, in the presence of RhCl(PPh3)3 and NEt3. Discussion Data in table 1 allow a direct comparison of both activity values and selectivity, chosen at 80% conversion of the substrate, and clearly demonstrate that the reaction, in the presence of NEt3, is faster than that carried out in its absence. Indeed, whereas the dihydride species mainly behaves as a hydrogenation catalyst, the mono hydride complex behaves both as an isomerization and hydrogenation species (2). All our results may be interpreted on the basis of these fundamental concepts. In fact, when a Z substrate reacts with H2, in the presence of RhCl(PPh3)3 and NEt3 in ethanol, the geometric E derivatives are formed with a good selectivity. Conversely, (E)-2-buten1-ol is mainly converted to the corresponding hydrogenated compound. As we expect, the reactivity of E isomers, both in the presence and in the absence of NEt3, is slower than that of the analogous Z derivatives. Such behavior is mainly due to an enhanced steric hindrance of the E derivatives in comparison with the analogous Z isomers and the reactivity slows down as the chain length increases, at least when we consider the reactivity of (E)-2-penten-1-ol and (E)-2-hexen-1-ol, for which no selectivity values were detected owing to the very low reaction rate obtained. With analogous substrates, the heterogeneous hydrogenation vs. isomerization reactions show behavior that is worth considering. Comparison of the results reported here, with those previously obtained for analogous organic molecules hydrogenated on Pd/TiO2 systems (3), reveals a reduced reactivity variation between Z and E geometric isomers in the heterogeneous catalysis. A possible explanation is that a
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metal surface is more open to interactions with olefinic substrates while, in the presence of a homogeneous catalyst, the crowding of ligands around a metal may make such an interaction more difficult. In this case, the reactivity of the more hindered E compounds is drastically reduced. Table 1. Hydrogenation and isomerization of α,β-unsaturated alcohols catalyzed by RhCl(PPh3)3 ( ∼ 3 x 10-4 M) at 303 K, using ethanol as solvent. Selectivity (%)a Aldeyde E-isomer



b



Substrate [NEt3] Saturated r Other (min -1) alcohol (M) product A2 0 1.12 81.5 18.5 A2 0.03 2.72 80.8 19.2 EB2 0 0.18 n. d.c n. d. EB2 0.03 1.47 79.1 19.4 1.4 ZP2 0 0.54 67.8 8.2 24.0 ZP2 0.03 2.49 13.8 14.4 64.1 7.7 EP2 0 0.16 n.d. n.d. EP2 0.03 0.32 n.d. n.d. ZH2 0 0.31 n.d. n.d. n.d. ZH2 0.03 1.94 37.8 10.6 48.4 3.15 a At 80% conversion of the unsaturated alcohol; b Rate data (see text); c n.d. = non-determined. Taking into account all these considerations, the following general mechanism may be operating, when the hydrogenation of a Z geometric isomer is carried out in the presence of NEt3: H2Rh Cl(PPh3)2(solv)
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We infer that final products, C, D and E, stem from the same metal-carbon σ-bonded intermediate B, and their relative amounts are due to kinetic factors. Carrying out the same reaction starting from an E geometric derivative, the E/Z isomerization is, as
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Conclusions The main aim of the results concerns the comparison between E and Z isomers, both towards hydrogenation and/or isomerization processes. In particular, the less stable Z isomers favor the geometric isomerization products, whereas the most stable (E)-2buten-1-ol mainly affords a hydrogenated compound. This agrees with earlier findings, where Z isomers generally favor isomerized (both geometric and double bond) derivatives (3). When 2-propen-1-ol reacts in the presence of NEt3 and Rh(I), the reduced steric hindrance and the lack of a possible geometric isomerization are to be expected. So, we explain the large amount of the hydrogenated compound formed (Table 1). In the absence of NEt3, as a rule, hydrogenation of organic substrates generally occurs. However, additionally in this specific case, the reduced reactivity of the system suggests that a different catalytic species is operating. Considering all these data, we conclude that the steric hindrance of coordinated phosphines is the most important factor in determining the behavior of the reactions studied. Experimental Section RhCl(PPh3)3 was prepared according to the literature (4). The hydrogenation of different α,β-unsaturated alcohols, 2-propen-1-ol, (E)-2-buten-1-ol, (Z)-2-penten-1-ol, (E)-2-penten-1-ol, (Z)–2-hexen-1-ol, (E)–2-hexen-1-ol, was carried out in liquid phase at 303 K and 0.1 MPa hydrogen pressure, using ethanol as solvent in a batch reactor. A stirring rate of 500 rpm was used. The experimental setup was thoroughly purged with nitrogen before the beginning of the reaction. The rhodium complex (1.08 x 10-5 moles) was dissolved, under stirring, in the solvent used (25 mL) in atmosphere of H2 at 303 K; then, NEt3 was added in the molar ratio RhCl(PPh3)3/NEt3 1:100, and the system was allowed to equilibrate for one hour. Finally 15 mL of a 0.6 M solution of the α,β-unsaturated alcohol in ethanol, containing an internal standard, was added through one arm of the flask. The progress of the reaction was followed by analyzing a sufficient number of samples withdrawn from the reaction mixture. Product analysis was performed with a gas chromatograph (Agilent Technologies model 6890N) equipped with a flame ionization detector. The product separation was obtained by a capillary column (J&W DB-Waxetr, 50 m, i.d. = 0.32 mm). Quantitative analyses were carried out by calculating the area of the chromatographic peaks with an electronic integrator. References 1. M. G. Musolino, G. Apa, A. Donato and R. Pietropaolo, Catal. Tod; 100, 467 (2005).
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Reductive Amination of Isobutanol to Diisobutylamine on Vanadium Modified Raney® Nickel Catalyst Sándor Gőbölös and József L. Margitfalvi



Chemical Research Center, Institute of Surface Chemistry and Catalysis, H-1025 Budapest, Pusztaszeri út 59-67, Hungary [email protected] Abstract Amination of i-butanol to diisobutylamine was investigated on vanadium modified granulated Raney® nickel catalyst in a fixed bed reactor. The addition of 0.5 wt.% V to Raney® nickel improved the yield of amines and the stability of catalyst. Factorial experimental design was used to describe the conversion of alcohol, the yield and the selectivity of secondary amine as a function of “strong” parameters, i.e. the reaction temperature, space velocity and NH3/i-butanol molar ratio. Diisobutylamine was obtained with 72% yield at 92% conversion and reaction parameters: P=13 bar, T=240°C, WHSV=1 g/g h, and molar ratios NH3/iBuOH= 1.7, H2/NH3= 1.9. Introduction Amines find application as intermediates in many fields of industry and agriculture (1). Lower alkylamines are usually produced by the amination of the corresponding alcohols with ammonia. However, only scare data are available in the literature on the preparation of isobutylamines. In the alkylation of NH3 or amines with alcohols, Co-, Ni- or Cu-containing catalysts are mainly used (1). Nickel catalysts produce mainly primary amine, however, in many applications secondary amines are needed. Diisobutylamine ((iBu)2NH) was obtained from i-butanol (iBuOH) and i-butylamine with 60% yield on 20wt.%Co-5wt.%Ni/Al2O3 catalyst at 200ºC (2). Supported nickel catalysts containing 25-45 wt.% metal were active in producing (iBu)2NH from iBuOH and NH3 with 65-72% yield at 86-92% conversion, and also at 200ºC (3). In this work the effect of process parameters on the amination of iBuOH to (iBu)2NH was studied over V-modified Raney® nickel. V is known to increase the yield of amines and the stability of catalyst (4,5). Factorial experimental design was used to describe the conversion of alcohol, and the yield and selectivity of secondary amine as a function of reaction temperature, space velocity and NH3/iBuOH molar ratio. Results and Discussion The V-modified Raney® nickel catalyst showed noticeable stability in time-onstream experiment for 55 h, and tolerated several heating-cooling cycles. It is
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noteworthy that the conversion of i-butanol was ca. 86%, and yield of monosecondary and tertiary amine was ca. 18, 65 and 3%, respectively (see Figure 1). The conversion and the amine yield listed in Table 1 indicate that the H2 pressure has little effect on catalytic performance in the range investigated.
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time-on-stream, h Figure 1. Amination of i-butanol. Time-on-stream experiment. Reaction condition: T=225°C;WHSV=1.0g/(gcatalyst h); P=13bar; NH3/iBuOH=1.4; H2/NH3=1.6. Abbreviations: ¡-conversion; yields of (iBu)2NH, iBuNH2, and (iBu)3N, S, „, and ±, respectively. Table 1. Amination of isobutanol. Effect of hydrogen pressure Yield, % iBuNH2 (iBu)3N (iBu)2NH 7 89 19 66 4 11 88 20 65 3 12 90 19 68 3 13 89 18 67 4 14 91 19 69 3 21 88 19 67 2 31 89 19 67 3 Reaction condition: T=225°C;WHSV=1 g/(gcatalyst h); NH3/iBuOH=1.6; H2/NH3=1.6 P, bar
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Catalytic activity data summarized in Table 2 indicate that both the reaction temperature and the NH3/iBuOH ratio strongly affect the conversion of iBuOH and the selectivity and thus the yield of secondary amine. Upon increasing the reaction temperature and the NH3/iBuOH ratio the conversion of alcohol significantly increased. Because of the interaction of the two parameters, i.e. the temperature and the NH3/iBuOH ratio, the yield and the selectivity of secondary amine shows up
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maximums in the function of NH3/iBuOH ratio (see also Fig. 2). Under the same condition (t=220°C, NH3/iBuOH=1.4) the yield of amine is lower on the unmodified Raney® nickel than on the V-modified one (compare 5th and 6th rows in Table 2). Table 2. Amination of isobutanol. Effect of temperature and NH3/iBuOH ratio Yield, % Selectivity, % (iBu)2NH (iBu)2NH 200 1.1 72 53 74 200 1.4 78 59 76 200 2.3 82 59 72 220 0.9 69 51 73 220a 1.4 88 60 68 220 1.4 87 65 75 220 1.7 88 67 76 240 1.2 88 66 75 240 1.7 92 72 78 240 2.5 95 60 63 Reaction condition: WHSV=1.0g/gcatalyst h; P=13bar; H2/NH3=1.9 a Experiment was carried out on unmodified Raney nickel. T, °C
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Figure 2. Amination of i-butanol. Effect of NH3/i-BuOH ratio on (iBu)2NH yield. Reaction condition: T=225°C;WHSV=1.0g/8gcatalyst h9; H2/NH3=1.6 Low NH3/iBuOH molar ratio is not sufficient to achieve high conversion and degree of amination, whereas at high ratios, e.g. NH3/iBuOH=2.5 the selectivity of primary amine increases at the expense of secondary one. It has been found that the temperature, space velocity and NH3/iBuOH ratio strongly affect both the conversion
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and (iBu)2NH selectivity. The lower the space velocity the higher the conversion, however upon increasing the space velocity the secondary amine yield slightly increases (see Table 3). Upon increasing the H2/NH3 ratio between values of 0.7 and 1.9 the selectivity and the yield of (iBu)2NH increases (see Table 3). Neither aldehyde nor nitrile was identified in the reaction product. All these results suggests that the maximum of (iBu)2NH yield can be expected at reaction parameters as follows: T= 220-240°C, WHSV=1.0-1.5 g/g h, NH3/iBuOH and H2/NH3 molar ratios of 1.7 and 1.9, respectively. Under this condition the yield of (iBu)2NH is (67-72 %), whereas the yield of primary and tertiary amines is in the range of 14-16 % and 1-3 %, respectively. Table 3. Amination of isobutanol. Effect of H2/NH3 ratio and space velocity WHSV Yield, % Selectivity, % Conversion, % g/gcatalyst h (iBu)2NH (iBu)2NH 0.7 1.0 93 59 63 1.4 1.0 91 64 70 1.9 1.0 89 67 75 0.7 1.5 90 63 70 1.4 1.5 88 65 74 1.9 1.5 87 67 77 Reaction condition: T=240°C, P=13bar; NH3/iBuOH=1.2 H2/NH3



The highest (iBu)2NH yield (72 %) was obtained a conversion level of 92% and at reaction parameters P=13 bar, T=240°C, WHSV=1.0 g/g h, NH3/iBuOH= 1.7, H2/NH3= 1.9. In conclusion, a secondary amine yield above 70 % can be was obtained in fixed bed reactor using vanadium promoted Raney nickel catalyst without recycling unconverted alcohol. In order to describe the conversion of alcohol, as well as the yield and selectivity of diisobutylamine in the function process parameters, experiments were carried out and results were evaluated according to orthogonal factorial design (6,7). Factorial Experimental Design In the factorial design the parameter ranges and the abbreviations are as follows: Parameter ranges and abbreviations: T= 200-240ºC, NH3/iBuOH(n)= 0.8-2.0, WHSV(w)= 1.0-2.2g/g h, P= 1.3MPa, H2/NH3= 1.9, C=conversion of iBuOH (%), S and Y selectivity and yield of (iBu)2NH in %, respectively. t= confidence level of coefficients (%), F=fit of calculated equation (%) C = 198.50-0.541T - 76.63n - 107.7w + 0.5067Tn + 0.3192Tw - 8.806n2 + 7.417w2 (Maximum of C=99.7% at T=240ºC, n=2.0, w=1.0g/g h) (t=90%, F=95%) S = 72.34 - 0.2015T + 70.99n -76.04w + 0.3925Tw - 12.17nw - 22.75n2 (Maximum of S=80.2% at T=240ºC, n=1.3, w=1.0g/g h) (t=90%, F=95%)
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Y=421.79-1.676T-268.1n-245.1w+1.265Tn+1.099Tw+106.1nw-0.511Tnw (Maximum of Y=76.1%, T-240ºC, n=2.0, w=1.0g/g h) (t=95%, F=95%) The t-test for individual parameters showed that all three parameters were significantly different from zero within 90 or 95% confidence level. F-statistic at 95% significance indicates the fit between calculated and experimental data. The coefficients of the equations describing the conversion, end the yield and selectivity of secondary amine indicate strong interaction between the temperature and the space velocity and the temperature and NH3/iBuOH ratio. With respect to the conversion the strength of parameters is roughly equal. The strength of parameters in determining (iBu)2NH selectivity decreases in the order: n > w > T. The yield of secondary amine is strongly influenced by all three parameters. The maximum values of conversion, selectivity and yield calculated by using derived equations, as well as related reaction parameters are given in parentheses. With respect to the maximum selectivity and yield of (iBu)2NH the measured and calculated values are in quite good agreement. Experimental Section The granulated Raney® nickel catalyst was prepared by leaching a 50wt.% Ni-Al alloy with 20wt.% NaOH-H2O solution at 50°C as described elsewhere (8). Modification of Raney® nickel catalyst with 0.5 wt.% V was carried out by adsorption using an aqueous solution of NH4VO3 (3). Catalytic test was carried out in a continuous-flow fixed bed reactor charged with 20g granulated Raney® nickel catalyst. Prior to activity test the catalyst was heated to 250°C at a rate of 2°C/min in a flow of 75%H2-25%N2 mixture and kept at 250°C for 3 hours. Liquid organic reaction product was analyzed by gas chromatography using FID and a glass column (3m x 3mm) filled with 60/80 mesh Chromosorb P NAW containing 5wt.% KOH and 18wt.% Carbowax 20M. Factorial experimental design (6,7) was applied to explore the effect of temperature (T), weight hour space velocity (WHSV) and NH3/iBuOH molar ratio on the catalytic performance of V-modified Raney® nickel. References 1. 2. 3. 4. 5. 6. 7. 8.
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30. How to Find the Best Homogeneous Catalyst Gadi Rothenberg1, Jos A. Hageman2, Frédéric Clerc3, Hans-Werner Frühauf1 and Johan A. Westerhuis2 1



Van't Hoff Institute for Molecular Sciences and 2Swammerdam Institute of Life Sciences, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands. 3 Institut de Recherches sur la Catalyse, 2 Avenue Albert Einstein, 69626 Villeurbanne Cedex, France [email protected] Abstract We present in this communication an alternative concept for optimizing homogeneous catalysts. With this method, one extracts and screens virtual catalyst libraries, indicating regions in the catalyst space where good catalysts are likely to be found. This automated screening is done in two stages: A ‘rough screening’ using 2D descriptors, followed by a “fine screening” using 3D descriptors. The model is demonstrated for a set of Pd-catalyzed Heck reactions using bidentate ligands. Introduction One of the biggest challenges in chemistry is discovering new chemical reactions that will enable society to function in a sustainable manner. Atom economy and waste minimization are at the heart of industrial policy, driven both by governmental incentives and by market considerations. Homogeneous catalysis is a most promising area in this respect (1). The Nobel prizes (2, 3) awarded in 2001 (to Sharpless, Noyori and Knowles for their discovery of chirally-catalyzed oxidation and hydrogenation reactions), and in 2005 (to Chauvin, Grubbs, and Schrock for their discovery of metathesis catalysts) exemplify how a new catalyst can cause a paradigm shift in the chemical industry (4). The last two decades have seen enormous developments in catalyst discovery and optimization tools, notably in the area of high-throughput experimentation (HTE) and process optimization (5). However, the basic concept used for exploring the catalyst space in homogeneous catalysis has not changed: Once an active catalyst complex is discovered, small modifications are made on the structure to try and screen the activity of neighboring complexes, covering the space much like an ink drop spreads on a sheet of paper. This is not a bad method, but can we do better with the new tools that are available today? Here we present an alternative concept for optimizing homogeneous catalysts. Using a “virtual synthesis” platform, we assemble large catalyst libraries (1015–1017 candidates) in silico, and use statistical models, molecular descriptors, and
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quantitative structure-activity and structure-property relationship (QSAR/QSPR) models to extract subsets from these libraries and predict their catalytic performance. A full discussion of all the issues related to this concept is out of the scope of this preliminary communication. Instead, we present here the basics of the general approach, as well as a specific example illustrating one iteration in the optimization of Pd-catalyzed Heck reactions using bidentate ligands, which demonstrate higher catalytic activities and lifetimes than monodentates (6). The full technical details of the algorithms and the theoretical treatment of the catalyst library diversity will be published elsewhere (7). Results and Discussion Let us first consider the problem of homogeneous catalyst optimization. In this situation, one has some initial data on the figures of merit (e.g. that such-and-such metal-ligand complexes are “good catalysts” because they display a high turnover frequency). The objective then is to pinpoint “active regions” in the catalyst space. This space, defined here as space A, is not continuous. Rather, it is a grid containing all the possible metal-ligand complexes (each point in space A denotes a unique catalyst). It is important to realize that A is multi-dimensional and very large. Therefore, any method used for exploring it must (i) reduce the dimensionality of the problem and (ii) employ fully automated screening techniques. To do this, we define two additional multi-dimensional spaces: B and C (Figure 1). Space B contains the values of the catalyst descriptors that pertain to these catalysts (e.g. backbone flexibility, partial charge on the metal atom, lipophilicity) as well as the reaction conditions (temperature, pressure, solvent type, and so on). Finally, space C contains the catalyst figures of merit (i.e., the TON, TOF, product selectivity, price, and so forth). Spaces B and C are continuous, and are arranged such that each dimension in each space represents one property.
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Figure 1. Simplified three-dimensional representation of the multi-dimensional spaces containing the catalysts, the descriptor values, and the figures of merit.
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By dividing the problem this way, we translate it from an abstract problem in catalysis to one of relating one multi-dimensional space to another. This is still an abstract problem, but the advantage is that we can now quantify the relationship between spaces B and C using QSAR and QSPR models. Note that space B contains molecular descriptor values, rather than structures. These values, however, are directly related to the structures (8). Of course, the real catalyst space is infinite, and it is not possible to study all of it. Instead, we generate a very large space A (1015–1017 catalysts) in silico, using a virtual synthesis platform, developed in our group and based on a ‘building block’ synthesis concept (9). One basic assumption that we make here is that the ‘good catalyst’ we are seeking is somewhere on this grid. Note that less than 50 building blocks are needed to create a space of 1017 catalysts, even when using only simple species that are joined selectively using a number of well defined reactions. To optimize the catalyst, we use an iterative approach (Figure 2), with consecutive modelling, synthesis, and analysis steps. First, we consider all of the available data (from earlier experiments or from literature), and build a regression model that connects the catalyst descriptors and the figures of merit (10). The screening is done in two stages. In the first, ‘rough screening’, we use 2D descriptors to examine relatively large areas of space A. We select random subsets from this space (typically 10,000–50,000 catalysts). The program calculates the 2D catalyst descriptor values and uses the above model to predict the figures of merit for these new catalysts. Depending on the data available, one can also apply genetic algorithms (GAs) at this stage to try and optimize the catalyst structure based on the 2D descriptors using meta-modelling (11). The best catalysts (typically 200–500 structures) are then selected for the next stage. In the second, ‘fine screening’ stage, the program computes the 3D descriptors for this new subset, and again projects the results on the model and predicts the figures of merit. Basically, 3D descriptor models are more costly than 2D ones, but they give better results (12). As we showed earlier (10, 13), nonlinear models that combine chemical and topological descriptors are well suited for predicting activity/selectivity trends in homogeneous catalyst libraries, with typical correlation coefficients of R2 = 0.8–0.9. The result is a small subset of 20–50 new catalysts. These are then synthesized and tested experimentally. The model is then updated and the cycle repeats. In theory this process can repeat indefinitely, but our results on industrial data show that the figures of merit usually converge after 5–6 cycles. This means that in principle it is possible to indicate an optimal region in a space of a million catalysts after testing less than 300 ligand-metal complexes!
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Figure 2. Iterative approach flowchart for homogeneous catalyst optimization. An important feature is that, with the exception of the catalyst synthesis, this is a fully automated process. Indeed, we envisage that in industry the entire process, including the synthesis and testing, can be automated using commercially available synthesis robots. If robotic synthesis and screening is available, the size of the test sets can be increased. Moreover, it is precisely the automated modelling and analysis aspect that is lacking in the robotic laboratory workflow. Another important feature of GAs is that they are tunable. This means that we can define the algorithm’s fitness function to reflect the actual requirements from the catalyst. An optimal catalyst exhibits high activity, high stability, and high selectivity. These three figures of merit are directly related to the product yield, the turnover number (TON) and the turnover frequency (TOF), respectively. Often, however, an increase in one comes at the expense of another. Using GAs you can
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pre-define the weight of each figure of merit. For example, if you know beforehand that the catalytic activity is the most important parameter, you can assign a heavier weight to the TOF. In this way, the computer searches for the most suitable catalyst. To demonstrate this concept, let us consider the first optimization cycle for the palladium-catalyzed Heck reaction in the presence of bidentate ligands. The literature shows us some promising leads (14-18), with yields > 95% and TOFs > 1000, but much of the catalyst space is unexplored territory. In this example, we will assume that each catalyst consists of one Pd atom and one bidentate ligand. The ligand includes two ligating groups L1 and L2, a backbone group B, and three residue groups R1, R2, and R3. To simplify, we will limit the ligating groups to 1–14, the backbone groups to 15–21, and the residue groups to 22– 29 (Figure 3). Further, we will constrain the R groups to one per ligating or backbone group. There is no restriction on group similarity, i.e. it is possible that L1 ≡ L2 and so forth. Each ligand has a unique {L1(R1)-B(R2)-L2(R3)} identifier. The connection points for the R groups and between the L and B groups are predefined for each building block (for example, the tetrahydrothiophene ligating group 9 connects to the Pd via the S atom, and to the backbone and the residue group on positions 2, 3, or 4). The total number of ligand-Pd complexes one can assemble from the above 29 building blocks (connecting only via the specified connection points and limiting ourselves to the L1(R1)-B(R2)-L2(R3) form) is 2.61 × 1017. This is a huge number, well beyond the combined synthetic capabilities of all of the laboratories in the world. Note that these building blocks were chosen specifically for this example, mimicking some of the ligand types in the following dataset to enable good intrapolation. The precise relationship between building block structure and connectivity and the resulting catalyst diversity is very complicated and will be discussed in a separate paper (19). To simplify things, we will show here only one iteration (the meta-modelling is not necessary for demonstrating the two-stage screening). As a starting point, we assemble a dataset containing 253 published Heck reactions performed using 58 different catalysts and/or under different reaction conditions (Table 1 shows a partial representation of this dataset). For each reaction, we include the substrates, catalyst, reaction conditions, and three figures of merit: Product yield, TON, and TOF. We then calculate a set of thirty-one 2D descriptors (20). This gives a 253 × 31 matrix. As we showed earlier, both linear regression models (such as partial least squares, PLS), and nonlinear ones (e.g. artificial neural networks) can be used (10). In this case, however, there are not enough initial data to ‘feed’ a neural network, so we use a PLS model, which is also more robust (21). This model is used for correlating the 2D descriptors and the reaction conditions (temperature, Pd concentration, and solvent) with the above three figures of merit.
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Figure 3. Building blocks used in assembling the virtual libraries. Ligating groups (structures 1–14; the ligating atom is indicated in boldface type), backbone or ‘bridging’ groups (15–21), and residue groups (22–29). The ‘•’ symbols indicate the possible connection points. After assembling the ligand, the program assigns H atoms to any unused connection points.



Rothenberg et al.



267



Table 1. Partial representation of the initial Heck reaction dataset. Cat t ºC ArXa Alkenea Solv.a Yield% TON TOF h–1 Ref. 1 50 PhI NBA DMA 100 41 1000 (18) 2 30 CNBr NBA DMA 50 1 50 (18) 3 100 PhI TBA Et3N 98 57 981 (17) 4 100 NO2Br TBA Et3N 100 14 100 (17) 5 85 PhI EtA DMF 100 222 1000 (15) 6 85 PhI EtA DMF 48 209 480 (15) 7 85 PhI EtA DMF 63 191 630 (15) 8 120 PhBr NBA DMA 91 113 910 (22) 9 120 NO2Br NBA DMA 95 237 950 (22) 10 60 PhOTf DHF THF 85 4.25 1 (23) 11 120 MeOBr styrene TBAB 99 2.78 50 (24) a NBA = n-butyl acrylate; TBA = tert-butyl acrylate; EtA = ethyl acrylate; CNBr = p-CN(C6H4)Br; NO2Br = p- NO2(C6H4)Br; MeOBr = p- CH3O(C6H4)Br; TBAB = tetrabutylammonium bromide. Already at this early stage, using simple 2D descriptors, the model yields important mechanistic information: The correlation for the TON and the TOF depends strongly on the reaction temperature, with a cut-off point at 120 ºC (Table 2). The chemical reason for this is that Pd nanoclusters form much faster above 120 ºC (25), and the reaction follows a pathway that is independent of the ligand. Table 2. PLS model prediction quality as a function of reaction temperature Figure of merita TON TOF Product yield



Full dataset (253 reactions) 0.23 0.18 0.86



=120 ºC (191 react.) 0.27 0.32 0.87



We now select 10,000 bidentate catalysts at random (because this is the first iteration) from the large space generated using building blocks 1–29, and calculate the 2D descriptor values for these ligands. Projecting the results for these 10,000 structures on the PLS model gives the predicted figures of merit (Figure 4). From this ‘rough screening’ we choose the best 206 structures, by combining the 100 bestperforming structures for each figure of merit (the TON and TOF show a high overlap, which is to be expected).
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Figure 4. Predicted distribution of the 10,000 catalysts in the first screening. In the second stage, we compute the 3D descriptors for these 206 structures. This entails geometry optimization, and is much more costly. The advantage is that we have already discarded 9,794 less-promising cases, and 3D descriptors can tell us much more about the catalyst. The results are then projected on the 3D PLS model for the original dataset, and the final results indicate the best-performing structures with regard to the figures of merit. In this case, 12 of the original 10,000 structures show a predicted yield of > 85%, TON > 10,000, and TOF > 2000. Three of the most promising computer-generated structures (30–32, all with TON > 105, TOF > 5000, and yield > 80%) are shown below. The proof of the pudding, of course, will be to synthesize and test these structures (for synthesis purposes different building blocks will be used, but the principle remains unchanged).
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In conclusion, we present in this communication an alternative method for optimizing homogeneous catalysts. This concept is based on iterative modelling and synthesis steps. We do not claim to replace serendipity in catalyst discovery and optimization using this approach. Rather, we believe that this approach can complement serendipity by steering synthetic chemists clear from null regions of the catalyst space.
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Experimental Section The technical details of the descriptor selection algorithms will be published elsewhere (7). Libraries and subsets of structure strings were generated using Matlab (26). Geometry optimization (for calculating the 3D descriptors) was performed in Hyperchem (27), using the MM+ force field in combination with a conjugate gradient optimization method (Polak-Ribiere). Structures were optimized in batch mode using dedicated Hyperchem/Matlab scripts. The 2D descriptors were computed using Matlab and OptiCat (9), and analyzed with Statistica (28). The 3D QSAR parameter were calculated using Codessa (29). We used topological, geometrical and electrostatic descriptors (the CPU time costs of quantum-chemical and thermodynamic QSAR parameters are too high for such large sets). The PLS models were built using the NIPALS algorithm (30), including the intercept. Leave-one-out validation was performed for all models. All three figures of merit were predicted simultaneously. Models with an average R2 > 0.8 were accepted. The 2D and the 3D models contained 9 components each. The most important variables for the 2D model were the number of H and C atoms. For the 3D model, the most relevant descriptors were related to electronic charges per surface area. References 1. P. W. N. M. van Leeuwen, Homogeneous Catalysis: Understanding the Art, Kluwer Academic Press, Amsterdam, 2004. 2. C. P. Casey, J. Chem. Educ., 83, 192 (2006). 3. A. Ault, J. Chem. Educ., 79, 572 (2002). 4. Another good example is the Metolachlor process, see H.-U. Blaser, Adv. Synth. Catal., 344, 17 (2002). 5. G. Li, Chemical Industries (CRC Press), 104, (Catal. Org. React.), 177-184 (2005). 6. N. D. Jones and B. R. James, Adv. Synth. Catal., 344, 1126 (2002). 7. For a description of some of the optimization methods discussed here see J. A. Hageman, J. A. Westerhuis, H.-W. Frühauf and G. Rothenberg, Adv. Synth. Catal., 348, 361 (2006). 8. See, for example P. W. N. M. van Leeuwen, P. C. J. Kamer and J. N. H. Reek, Pure Appl. Chem., 71, 1443 (1999). 9. F. Clerc, OptiCat - A Combinatorial Optimisation Software. OptiCat is available free of charge from the author. 10. E. Burello, D. Farrusseng and G. Rothenberg, Adv. Synth. Catal., 346, 1845 (2004). 11. For a recent review see Y. Jin, Soft Computing, 9, 3 (2005). 12. For a discussion on using 2D and 3D descriptors see E. Burello and G. Rothenberg, Adv. Synth. Catal., 347, 1969 (2005). 13. E. Burello and G. Rothenberg, Adv. Synth. Catal., 345, 1334 (2003).
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14. For a comprehensive review on Pd-catalyzed Heck reactions see I. P. Beletskaya and A. V. Cheprakov, Chem. Rev., 100, 3009 (2000). 15. I. P. Beletskaya, A. N. Kashin, N. B. Karlstedt, A. V. Mitin, A. V. Cheprakov and G. M. Kazankov, J. Organomet. Chem., 622, 89 (2001). 16. K. R. Reddy, K. Surekha, G.-H. Lee, S.-M. Peng and S.-T. Liu, Organometallics, 19, 2637 (2000). 17. T. Kawano, T. Shinomaru and I. Ueda, Org. Lett., 4, 2545 (2002). 18. C. S. Consorti, M. L. Zanini, S. Leal, G. Ebeling and J. Dupont, Org. Lett., 5, 983 (2003). 19. For an excellent review on measuring chemical similarity/diversity see N. Nikolova and J. Jaworska, QSAR Comb. Sci., 22, 1006 (2003). 20. For a discussion on the choice of descriptors for homogeneous catalysts see E. Burello, P. Marion, J.-C. Galland, A. Chamard and G. Rothenberg, Adv. Synth. Catal., 347, 803 (2005). 21. S. Wold, M. Sjostrom and L. Eriksson, Chemom. Intell. Lab. Sys., 58, 109 (2001). 22. Z. Xiong, N. Wang, M. Dai, A. Li, J. Chen and Z. Yang, Org. Lett., 6, 3337 (2004). 23. W.-M. Wei-Min Dai, K. K. Y. Yeung and Y. Wang, Tetrahedron, 60, 4425 (2004). 24. W. A. Herrmann and V. P. W. Böhm, J. Organomet. Chem., 572, 141 (1999). 25. M. B. Thathagar, J. Beckers and G. Rothenberg, Chemical Industries (CRC Press), 104, (Catal. Org. React.), 211-215 (2005). 26. MATLAB is commercially available from MathWorks, Natick USA, version 6.1, 2001. 27. HyperChemTM Professional 7.51, Hypercube, Inc., 1115 NW 4th Street, Gainesville, Florida 32601, USA. 28. Statistica is distributed by StatSoft, Inc., 2300 East 14th Street, Tulsa, OK 74104, USA. 29. Codessa version 2.642, University of Florida (1994). 30. S. Rännar, F. Lindgren, P. Geladi and S. Wold, J. Chemom., 8, 111 (1994).
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Novel Chloroaluminate Ionic Liquids for Arene Carbonylation Ernesto J. Angueira and Mark G. White School of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0100 [email protected]



Abstract Novel ionic liquid formylating agents were synthesized from alkylmethylimidazolium (RMIM+) chlorides and AlCl3. These intrinsically Lewis acids containing excess AlCl3 absorbed HCl to develop strong Brønsted acidity. Modeling by semi-empirical methods showed that HCl experienced three, local energy minimum positions in the IL. Ab initio predictions of the 1H-NMR spectra using Hartree-Fock methods showed that the three sites for the absorbed HCl had different chemical shifts (CSs). Additional modeling of the Al-species (27Al-NMR) showed that two distinct dinuclear aluminum chloride anions, having different CS’s could be stabilized in the IL. Indirect acidity measurements of the HCl protons by 13C-NMR of 2-13C-acetone confirmed the predictions of multiple, strong acid sites in the IL. Subsequent measurements of the 27Al-NMR confirmed the existence of two Al species in the intrinsically-Lewis acidic IL’s and most remarkable, the concentrations of these two species depended upon the length of the alkyl groups, R, present in RMIM+. The pseudo, first-order rate constants observed for the toluene carbonylation reaction decreased systematically in ILs having increasing chain length of R in a way that could be easily correlated by the mole fraction of the dinuclear Al chloride species: [Cl3AlClAlCl3]- observed by 27Al-NMR. Introduction Ionic liquids (IL's) are substances that form liquids at room temperature and lower at atmospheric pressure (1). The very hydrophilic, chloroaluminate Ils, O+[AlnCl3n+1], are said to exhibit Lewis acidity when n > 1 (2, 3) where O+ is the organic cation. These IL’s may be prepared using organic cations such as the pyridinium or the substituted imidazolium cations. Recently, it was reported that strong, Brønsted acidity could be created in EMIM+(Al2Cl7)- upon exposure to dry HCl (4). Moreover, it was shown (5) that arene carbocations were formed when combined with IL’s derived from trimethylsulfonium bromide-AlCl3/AlBr3 and exposed to HBr gas. We showed how a combination of HCl with EMIM+(Al2Cl7)- resulted in a potent conversion agent for toluene carbonylation (6).
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The effect upon the 27Al-NMR spectra for changing the Al/RMIM+ ratio and adding HCl to the system was attributed to either one (7) or more (8) equilibria involving anionic aluminum species. O+[Al2Cl7]- + O+Cl- Ù 2O+[AlCl4]- and O [Al2Cl7]- + HCl Ù O+[AlCl4]- + H+[AlCl4]+



We (9) reported predictions, after the manner of Chandler and Johnson (10), to show the effect of HCl upon the Al-speciation in the IL and these results suggested that two structures could exist for the anion having the following stoichiometry: [Al2Cl8H]-. Subsequent molecular modeling suggested that the HCl molecule could reside in three different environments and these sites showed different free energies of formation (11). The decreasing reactivity of these IL’s as the structure of the cation was changed to show increasing chain length of R [RMIM]+, R = CnH2n+1; n = 2, 4, 6, 8, and 12, could not be related to the amount of HCl adsorbed in the IL’s. It became apparent that the molecular environment of these IL’s was more complicated than what had been reported in the literature. The aim of this manuscript is to examine the molecular structure of the IL as the ratio of Al/RMIM+ was changed with and without HCl added. The working hypothesis is that the aluminum speciation determines the reactivity of the IL and this speciation depends upon the structure of RMIM+.



n = 3/2



Results and Discussion n=1 27 Al-NMR data of the [nBuMIM]+/[AlnCl3n+1]- IL’s for n = 1, 3/2, and 2 are shown in Fig. 1 without any HCl added to the IL’s. The observed resonances downfield from Al(NO3)3 (aq) are shown in Table 1. These observations of peak shape are similar to n=2 those reported earlier (7, 8); however, neither of these earlier studies used an internal standard, nor did they employ quantum mechanical methods to assist in the peak assignment. The association of the organic halide with the AlCl3 was modeled by transition state methods to give the species shown in Figure 2. The products of this transition state were two dinuclear Al-species showing different structures but similar free energies of formation. Figure 2-a Figure 1. 27Al-NMR of IL’s with R = butyl shows the species before the transition and n = 1; 3/2; and 2 mol/mol (clockwise) state optimization and Figure 2-b is the



Angueira and White optimized geometry at the transition state. Product 1 (Figure 2-c) was formed by cutting two Alμ−Cl bonds indicated by vertical lines; whereas, product 2 (Figure 2-d) was formed by cutting one Alμ−Cl bond as shown by the horizontal line. The predicted 27 Al-NMR chemical shifts from Al(NO3)3 (aq) are also shown in the same figures.
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Figure 2: a-reactants, b-optimized transition state geometry, c-product 1, d-product 2



The free energies for forming products 1 and 2 were 99.68 and 99.69 kcal/mol, which are indistinguishable, considering that the uncertainty in these predictions is 45 kcal/mol (12). The predicted 27Al-NMR chemical shifts downfield from Al(NO3)3 (aq) were 69.8, 69.7 ppm for product 1 and 62.7, 60.0 ppm for product 2. While the absolute values of the predicted chemical shifts are ~30 ppm smaller than the observed chemical shifts, these calculations permit the assignment shown in Table 1. The success of this modeling can be ascertained by the ability to replicate the observed peak shapes using Gaussian peaks centered at peak positions suggested by the modeling (Fig. 3). For the case where n = 3/2, five peaks were needed: 1 for the monomeric Al and 2 peaks each for each of the two dinuclear Al species. These peaks were combined to successfully replicate the observed NMR peaks recorded for this sample. When n = 2, the data were reproduced using only 4 peaks, two each for each of the two dinuclear Al species. Our earlier predictions (11) showed that HCl could combine with either of the dinuclear Al-species in three different positions, which showed different acid strengths. We attempted to model the 1H-NMR of HCl in these three positions to show chemical shifts of 15, 14, and 2-3 ppm (Fig. 4). These predictions suggest that three
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sites for HCl exist for each dinuclear Al-species and that four of the six sites are much more acidic than the remaining two sites. Subsequent 13C-NMR measurements
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Figure 3. Observed 27Al-NMR spectrum for IL derived from [n-BuMIM]+ [AlnCl3n+1]-, a: n = 3/2; b: n = 2; Predicted 27Al-NMR spectrum for IL derived from [n-BuMIM]+ [AlnCl3n+1]-, c: n = 3/2; b: n = 2.



of 2-13C-acetone in the BMIM-IL confirmed the presence of six acidic protons (Fig. 4) showing chemical shifts of 246.7 to 239.8 ppm. The chemical shifts of 2-13Cacetone in contact with sulfuric acid and triflic acid confirmed that labeled acetone chemical shifts greater than 245 ppm are super acidic. (13)



Figure 4 – a: 15.3 ppm(245)



Figure 4 – b: 14.3 ppm(242)
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Figure 4 – c: 2.50 ppm(239.8)



Figure 4 – d: 15.4 ppm(246.7)



Figure 4 – e: 14.4 ppm(243)



Figure 4 – f: 2.6 ppm(239.9)



Figure 4. Models of IL’s showing optimized positions of HCl sited in the structures and the calculated 1H-NMR chemical shifts from TMS along with 13C-NMR chemical shifts observed in 2-13C-Acetone in IL reported in parentheses



The 27Al-NMR of the IL’s derived from [RMIMCl][Al2Cl6] showed systematic changes in the shapes of the spectra as the chain length of R increased. The NMR spectra for IL’s derived from ethyl- and dodecyl-MIM+ are shown in Fig. 5. Vertical lines show the chemical shifts of the two, dinuclear species [AlCl3-AlCl4]- at 98.2 ppm and [Al2Cl7]- at 102.2 ppm. These spectra and the others were deconvoluted to determine the mole fractions of these two Al-containing species (Table 2). The observed rate constants are included in the same table for toluene carbonylation over these same IL’s at room temperature.
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Table 1. 27Al-NMR chemical shifts in [n-BuMIM]+[AlnCl3n+1]-; n = 1, 3/2, & 2 n 1 3/2 2 Assignment Predicted CS’s



Peak 1 103.4 [AlCl4]72.4



Peak 2



Peak 3



102.2 102.2 [Al2Cl7]69.8; 69.7



98.2 98.2 [AlCl3-AlCl4]62.7; 60.0



Apparently, the mole fraction of the species [Al2Cl7]- was governed by the structure of the cation where the concentration of this anion was highest when the chain length of R was shortest (ethyl) and it was smallest when the chain length of R was longest (dodecyl). The rate constants could be correlated by a linear function of the mole fraction of the [Al2Cl7]-, Figure 6. In the proposed mechanism, Scheme 1, the (RMIM)+ structure determines the equilibrium distribution, K, between species I & II. HCl reacts with I to form a super acidic species (III), which combines with CO to give the formyl cation (IV). This formyl cation reacts with substrate to form tolualdehyde that is stabilized as an adduct with AlCl3 in species V. The aldehyde product can be recovered upon addition of water to the system. Without water addition, the aldehyde adduct cannot be used again either 1) for lack of sufficient acidity, or 2) there is no other aluminum species to stabilize the aldehyde product. These data can be explained by the reaction mechanism, Scheme 1. Table 2. Effect of cation structure upon the mole fraction [Al2Cl7]- and the observed toluene carbonylation rate constant.
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Figure 6. Correlation of observed rate constants with x[Al2Cl7]-
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Scheme 1: Mechanism for arene formylation Experimental Section Calculations The Spartan ’02 & ’04 molecular modeling software packages were used to predict the optimized geometry and the NMR spectra. The 27Al-, 1H-NMR spectra were predicted at the ab initio level using the Hartree-Fock to obtain the equilibrium geometry with the 3-21G* basis set. In a similar manner, we predicted the proton NMR spectra of the absorbed HCl. Chemicals The imidazolium compounds 1-ethyl-3-methyl-imidazolium-chloride (EMIM-Cl), 1-butyl-3-methyl-imidazolium-chloride (n-BuMIM-Cl), and 1-hexyl-3-methylimidazolium-chloride (n-HeMIM-Cl), toluene (anhydrous, 99.99%), and HCl were obtained from Sigma Aldrich; whereas, 1-octyl-3-methyl-imidazolium-chloride (nOcMIM-Cl), 1-Dodecyl-3-methyl-imidazolium-chloride (n-DoMIM-Cl) were
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obtained from Merck Chemicals and used without further purification. Aluminum chloride (99.99%), obtained from Sigma Aldrich, was sublimed under a vacuum before use. Carbon monoxide, CP grade, was obtained from Airgas. Acetone, enriched in 13C in the 2-position (99%), was purchased from Sigma-Aldrich and used without further purification. 27



Al-NMR and 13C-NMR The external standard for 1H, and 13C was dimethyl sulfoxide (99%). The aluminum external reference was aqueous, aluminum nitrate (Fisher) at a concentration of 1 M. IL’s under HCl partial pressures (~ 3 bar) were examined in NMR tubes from NEW ERA Enterprises, Inc; NE-PCAV-5-130). The capillary tube was approximately 76.2 - 88.9 mm long 1.5 mm diameter and was filled to approximately 50.8 - 63.5 mm of the tube’s length with the standard. The capillary tube containing the standard was placed inside the NMR tube and the IL or acid (sulfuric or triflic acid) was added. The NMR tube was sealed, evacuated and filled up with the desired gas to the desired pressure, and contacted with this gas for 30 minutes. During the gas addition, the sample was shaken to promote mixing of the gas with the liquid, and bubbling of the liquid was observed to indicate that good mixing had been achieved. All data were recorded on a Bruker 300X. Typically, 256 and 64 scans were obtained for 13C, 27Al, respectively. The spectrometer settings for these analyses were standard settings already established by the scientists at the Georgia Tech NMR Center. Preparation of IL’s The detailed synthesis of the IL’s used here was described earlier (6). Two samples were prepared having R = butyl but the Al/cation ratio was 3/2 and 2 mol/mol. One sample each was prepared having R = ethyl, hexyl, octyl, and dodecyl for which the Al/cation = 2 mol/mol. Acknowledgements We gratefully acknowledge the support from the U.S. Department of Education for a GAANN Award to E.A. References 1. P. Wasserscheid and W. Keim, Angew. Chemie (Int. Ed.), 2000 39, 3772-89. 2. H. A. Øye, M. Jagtoyen, T. Oksefjell, & J. S. Wilkes, Mater. Sci. Forum, (1991), 73-75, 183-9. 3. Z. J. Karpinski, and R. A. Osteryoung, Inorg. Chem. (1984), 23, 1491-4; KbdulSada, A. A. K., K. R. Greeway, K. R. Seddon, & T. Welton, Org. Mass Spectrom. (1993), 28, 759-65. 4. P. Smith, A. S. Dworkin, R. M. Pagni and S. P. Zingg, J. Am. Chem. Soc., 1989, 111, 525. 5. Minhui Ma and K. E. Johnson, J. Am. Chem. Soc. (1995), 117, 1508-13. 6. E. J. Angueira and M. G. White, J. Mol. Catal. A. 227/1-2, 51-58 (2005). 7. J. L. Gray and G. E. Maciel, J. Am. Chem. Soc., 1981, 103, 7147. 8. J. S. Wilkes, J. S. Frye and G. F. Reynolds, Inorg. Chem. (1983) 22, 3870.



280 9. 10. 11. 12.



Acidic Ionic Liquids



E. J. Angueira, and M. G. White, A. I. Ch. E. J. 51, No. 10, 2778-85 (2005). W. D. Chandler and K. E. Johnson, Inorg. Chem. 38, 2050-6 (1999) E. J. Angueira and M. G. White, J. Mol. Catal. A., 238, 163-74 (2005). MOPAC 2002 Manual: http://www.cachesoftware.com/mopac/Mopac2002manual/node650.html 13. E.J. Angueira, Ph. D. thesis, Georgia Institute of Technology (2005).



Robitaille, Clément, Chapuzet and Lessard



32.



281



Chemoselective Hydrogenation of Nitro Compounds to the Corresponding Amines on Raney® Copper Catalysts



Simon Robitaille, Geneviève Clément, Jean Marc Chapuzet and Jean Lessard Laboratoire de Chimie et Electrochimie Organiques, Département de Chimie, Université de Sherbrooke, Sherbrooke, Québec, J1K 2R1 Canada [email protected] Abstract The selectivity of the electrocatalytic hydrogenation (ECH) method for the reduction of nitro compounds to the corresponding amines is compared with that of reduction by Raney copper (RCu) alloy powder in alkaline aqueous ethanol. In the former method, chemisorbed hydrogen is generated in situ by electrochemical reduction of water. In the latter method (termed “chemical catalytic hydrogenation” (CCH)), chemisorbed hydrogen is also generated in situ but by reduction of water by aluminium (by leaching of the alloy). Finally, the selectivity and efficiency of the electrochemical reduction of 5-nitro-indoles, -benzofurane, and -benzothiophene at RCu electrodes in neutral and alkaline aqueous ethanol is compared with that of the classical reduction with zinc in acidic medium. Introduction The electrocatalytic hydrogenation (ECH) of a nitro group to the corresponding amine in neutral or basic aqueous or mixed aqueous-organic media is described by equations [1] to [7] where M represents an adsorption site of the catalyst and M(H) chemisorbed hydrogen, and M(RNO2), M(RNH(OH)2), and M(RNHOH) represent [1] 6H2O



+ 6e



[2] RNO2 [3] M(RNO2) [4] M(RNH(OH)2) [5] M(RNH(OH)2) or/and [6] M(RNO) [7] M(RNHOH)



+ M
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the adsorbed organic substrate and adsorbed reduction intermediates. The stoichiometry applies to the adsorbed species only, not to the adsorption site M (1-3). ECH involves the same hydrogenation steps (steps [2] to [7]) as those of classical catalytic hydrogenation (CH). In both ECH and CH, the hydrogenolysis of the adsorbed dihydroxylamine, M(RNH(OH)2) (step [4]), could be faster than its dehydration to the adsorbed nitroso derivative M(RNO) (step [5]) (or alternatively, than its desorption followed by dehydration to RNO (not shown)). On Ni, Co, and Cu electrodes, two mechanisms are competing for the electrochemical reduction of nitro groups to hydroxylamines: 1) the ECH mechanism (equations [1] to [4]); and 2) electron transfer to the nitro group (and to the intermediates formed) followed by protonation by water (electronation-protonation (EP) mechanism) (equations [8] to [11]) (3, 4). For the hydro-genolysis of the hydroxylamine to the amine, the sole mechanism operating is the ECH mechanism (equation [4]). This is because unprotonated hydoxylamines (pH > 5) are not reducible by electron transfer (EP mechanism) (5, 6). For that same reason, the electrohydrogenation of nitro compounds at a high hydrogen overvoltage cathode (Hg, glassy carbon) in neutral (pH > 5) and basic medium stops at the hydroxylamine (5, 6). [8] RNO2



.



+



.



RNO2



e



[9] RNO2 + H 2O . [10] RNO2H + e [11] RNO



+ 2e



+ 2H2O



.



RNO2H + OH RNO RNHOH



+ OH + 2OH



In this paper, the selectivity of the ECH method for the reduction of nitro compounds to the corresponding amines on RCu electrodes will be compared with that of reduction by RCu alloy powder in alkaline aqueous ethanol. In the latter method (termed chemical catalytic hydrogenation (CCH)), chemisorbed hydrogen is generated in situ but by reduction of water by aluminium (by leaching of the alloy) (equation [12]). The reductions by in situ leaching must be carried out in a basic medium in order to ensure the conversion of insoluble Al(OH)3 into soluble aluminate (equation [12]). The selectivity and efficiency of the electrochemical reduction of 5-nitro-indoles, -benzofurane, and -benzothiophene at RCu electrodes in neutral and alkaline aqueous ethanol will also be compared with that of the classical reduction with zinc in acidic medium. [12] CuAl



+ 3H2O



+ HO



3Cu(H)



+ Al(OH)4
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Results and Discussion Reduction of nitroaryl groups Nitrobenzene (1) was used as a model to determine the best conditions for the “chemical catalytic hydrogenation” (CCH) using the Raney Cu alloy. In this work, we used ethanol as organic co-solvent because it is greener than methanol. The best conditions for CCH were 0.05 M KOH in ethanol-water (45:55 v/v) (pH ≈ 12.5), at room temperature and under a nitrogen atmosphere, using an amount of alloy corresponding to 3 equation of Al. The conversion was complete after 5 h and aniline was obtained in a quantitative yield (100% by vapor phase chromatography). The ECH of nitrobenzene at Raney Cu electrodes in alkaline aqueous methanol gives aniline in a nearly quantitative yield (99%) (7). When these CCH conditions were applied to o-iodonitrobenzene (1), oiodoaniline (2) together with iodoaniline (4) and nitrobenzene (1) were obtained in the yields indicated in Scheme 1 (88% mass balance), which corresponds to a 62% selectivity for the formation of o-iodoaniline (3). Under the same conditions, the ECH of o-iodonitrobenzene (2) gave aniline (90% yield) as the sole product. There was complete hydrogenolysis of the C−I bond (no selecti-vity). Thus, in basic medium (pH ≈ 12.5), CCH method is much more selective than ECH. However, in weakly acidic medium (pH 3, pyridine.HCl buffer), it has been reported that ECH at a RCu cathode in methanol-water 95:5 (v/v) gave o-iodoaniline in a 97% yield (1, 3). NH2
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Scheme 1 The CCH of p-nitroacetophenone (5) (Scheme 2) was inefficient and unselective giving p-aminoacetophenone (6) in about 20% yield together with some 10-12% of unindentified compounds (30% mass balance). Attempts to recover more material were unsuccessful. The ECH at a RCu cathode in an alkaline (0.28 M KOH, pH ≈ 13.5) MeOH-H2O (1.5% of H2O) solution was reported to give exclusively p-aminoacetophenone (6) (79% yield of isolated product) (3,8). O
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The CCH and ECH of p-cyanonitrobenzene (7) at pH 12-13 gave the three products shown in Scheme 3 with low selectivities for the formation of pcyanoaniline (8) respectively of 8-13% (82% mass balance) and 7% (65% mass balance). In neutral medium, the ECH of 7 has been reported to be very efficient, giving only p-cyanoaniline (8) in a quantitative yield (1, 3). NC NO2
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Scheme 3 The CCH and ECH of the o-nitrodioxolane 11 was very selective giving only the corresponding o-aminodioxolane 12 (Scheme 4). No cleavage of the dioxolane ring giving the aminodiol 13 and cyclohexanone by hydrogenolysis of the benzylic C−O bond was observed. Such cleavage did occur upon ECH on a RNi electrode under the same basic conditions (60% yield of 13).
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Scheme 4 The CCH of 2-(p-nitrobenzyl)-2-nitropropane (14) allowed the selective reduction of the nitroaryl group, without reduction of the tertiary nitroalkyl group, giving 85-93% of 2-(p-aminobenzyl)-2-nitropropane (15) (Scheme 5). No diamino
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Scheme 5 derivative 16 was detected. The ECH under the same conditions (0.05 M KOH) gave very poor results as shown in Scheme 5. However, ECH in a neutral medium (acetate buffer) in MeOH-H2O (93:7 v/v)) has been reported to be 100% selective giving nitroamine 15 as the sole product in a 100% yield (9). Nitroalkyl groups The CCH of nitroacetylenic acetal 17 gave the corresponding amine 18 in a low yield (23%) (Scheme 6). The reduction stopped at the hydroxylamine which underwent decomposition to acetylenic alcohol 19 (11%) and an ene-yne acetal which was further reduced to diene acetal 20 (67%). The ECH in neutral medium (acetate buffer in CH3OH-H2O 93:7 v/v) has been reported to give 72% of acelylenic amine 18 (3, 10). The products resulting from the decomposition of the intermediate acetylenic hydroxylamine were not identified (3, 10). NO2
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Scheme 6 The CCH of p-cyano-nitrocumene (21) under the standard conditions gave pcyano-aminocumene (22) as the main product (84%) (Scheme 7), the alcohol 23 (14%) and the styrene 24 (5%) both resulting from the decomposition of the intermediate hydroxylamine. The ECH under the same conditions is much less selective giving only 26% of p-cyano-aminocumene (22) together with alcohol 23 (36%, the main product), the styrene 24 (17%), p-cyanocumene (25) (8%), and p,p’dicyanobicumyl (26) (18%) (Scheme 7). The ECH in neutral medium (pH 5, NaCl 0.1 M in methanol-water 95:5 (v/v)) has been reported to be highly selective giving 91% of isolated p-cyano-aminocumene (22) (1, 3). The bicumyl 26 results from elec-
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Scheme 7 tron transfer to 21 (equation [8]) followed by fast cleavage of the resulting radical anion (11) (Scheme 8) and the electron transfer does compete with reaction with chemisorbed hydrogen (equations [2] and [3]) as previously shown (12). .



NO2



NO2



.



e



kc



e



( NO2 ) fast



CN



CN



CN



Coupling



21



1/2 NC



e ,H



CN 26 CN 25



Scheme 8 ECH of 5-nitroindoles, 5-nitrobenzofurane, and 5-nitrobenzothiophene As shown in Scheme 9, the ECH of the 5-nitro derivatives 26 of the indole family in EtOH-H2O 50:50 (v/v) gives higher yields of 5-amino derivatives 27 (range over three experiments) in basic medium (0.15 M KOH, pH ≈ 13) than in neutral medium (acetate buffer, pH ≈ 6) (13, 14). By comparison, reduction under the classical acidic conditions (Zn/HCl in the same solvent) gave a mixture of 5-amino derivative 27 in the yields indicated in Scheme 9 and of 4-chloro-5 amino derivatives 28 (see inset of Scheme 9) in 15%, 17%, 8% and 23% yield for X = NH, NCH3, O, and S respectively (13, 14).
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Scheme 9 Conclusions The reduction of polyfunctional nitro compounds, nitroaryl as well as nitroalkyl compounds, to the corresponding amines in basic aqueous alcoholic solutions on Raney copper (RCu) is more selective if carried out by generating chemisorbed hydrogen by electroreduction of water (ECH method) than by generating it by leaching of the alloy in situ (CCH method) except in the case of o-iodonitrobenzene (2) for which the CCH method is more selective. However, the most selective method in all cases studied is ECH in neutral medium (pH 3-7). Acknowledgements Financial support from NSERC of Canada, the Fonds FCAR of Quebec, the Ministry of Energy and Natural Resources of Québec, and the Université de Sherbrooke is gratefully acknowledged. References 1.
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Selective Hydrogenolysis of Sugar Alcohols over Structured Catalysts Chunshe (James) Cao, James F. White, Yong Wang and John G. Frye



Pacific Northwest National Laboratory, 902 Battelle Blvd, MS K8-93, Richland, WA 99352 [email protected] Abstract A novel gas-liquid-solid reactor based on monolith catalyst structure was developed for converting sugar alcohols to value-added chemicals such as propylene glycol. The structured catalyst was used intending to improve product selectivity. Testing at the pressure of 1,200 psig and 210°C with H2 to sorbitol molar ratio of 8.9 and a space velocity range from 0.15 to 5 hr-1 demonstrated that as high as 41 wt% of propylene glycol selectivity and 13 wt% ethylene glycol selectivity can be obtained. In addition, monolith catalysts gave higher C3/C2 ratio than that in the conventional trickle bed reactor with similar liquid hourly space velocities. Introduction Bio-based feedstocks such as glucose, sorbitol etc. can be converted into value-added chemicals such as ethylene glycol, 1,2-propylene glycol and glycerol by reacting with hydrogen over the catalysts (1-4). Such catalytic hydrogenolysis of sugar alcohols occurs in gas-liquid-solid three phase reaction systems. Conventional reactors used in this process are slurry or trickle bed reactors. In the scale-up and commercial demonstration, selectivity to desired products may be limited due to severe mass transfer limitation in the three-phase system. The selectivity to desired products are limited by the resistance in the interfaces of gas-liquid, liquid solid, and gas-solid, preventing the reactant liquid molecules from contacting the catalytic sites. Consequently, the reduced overall reaction rate requires low space velocity operation to achieve high conversion. However, long residence time may cause unwanted secondary reactions so that the selectivity is compromised. This study uses novel monolith structured catalysts in aiming to improve process productivity and selectivity. Apart from the advanced characteristics of low pressure drop, less backmixing, convenient change out of catalysts, the monolith reactor structure reduces the mass transfer limitation and potentially improves the selectivity.
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Results and Discussion The present investigation provides a hydrogenolysis method in which sorbitol is reacted with hydrogen, at a temperature of 210°C and 1200psig. The solid catalyst is present as a new form of a structured monolith containing Nickel and Rhenium as the multimetallic catalyst. The study provides a method of improving the catalytic selectivity of sorbitol hydrogenolysis to valued added products. It has been demonstrated that the total selectivity to glycerol, ethylene glycol, and propylene glycol can be improved by 20% using such a structured mass transfer reduced catalyst compared to conventional trickle bed format catalyst. This method can be extendedly applied to hydrogenolysis of other sugar alcohols such as glycerol, xylitol and potentially also to glucose. As shown in Table 1, at the same temperature and pressure, sorbitol conversion and selectivity to value-added products are listed, in which the monolith reactor covers the liquid hourly space velocity (LHSV) condition of the trickle bed. It was surprisingly observed that total selectivity to glycerol, ethylene glycol (EG), and propylene glycol(PG) from the monolith reactor was as 12.5% higher than that of conventional trickle bed. The PG selectivity is particularly high in the monolith reactor, which gives high C3/C2 ratio in the product mixtures. Such selectivity increase does sacrifice sorbitol conversion to a certain extent, but the lower conversion is caused by higher weight hourly space velocity(WHSV) due to less active material loading. It is noted that the comparison was made at the similar volume based LHSV. In the meantime, the monolith reactor was operated at a much higher WHSV, as the catalyst loading on the monolith substrate is much less than that in the packed bed. This demonstrated the high efficiency of catalyst utilization with reduced mass transfer resistance. The reduction of mass transfer limitation is in part attributed to the decreased mass transfer distances with thin coating as well as the unique Taylor flow pattern within the tunnel structure of the monolith catalyst. Table 1. Performance comparison between the monolith reactor and the conventional trickle bed reactor. Catalyst



Monolith # 1



Ni/Re/TiO2 T = 210°C



LHSV 0.38 0.76 1.52



Sorbitol Conversion 65.40% 52.20% 44.80%



0.83



89.00%



P = 1200 psig Product Polyol Selectivity Ethylene Propylene Total EG +PG Glycerol Glycol Glycol + Glycerol 17.90% 11.10% 30.70% 59.70% 19.30% 12.70% 41.30% 73.30% 20.20% 13.40% 38.90% 72.50%



Trickle Bed Ni/Re/Carbon 16.70%



12.60%



31.50%



60.80%



Carbon Balance 96.50% 97.90% 96.90%
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Experimental Section Cordierite monolith (400cpi) (Corning, Inc) was used as a substrate. The opening of each channel has 1x1 mm of dimension. The monolith was pre-machined to fit into a stainless steel tubular reactor with 1.27cm of diameter and 52.8cm of length. The monolith substrate was first treated with 10wt% HNO3 for 1 hour at 80°C followed by washing with DI H2O. This served to both clean the monolith and rehydrate the surfaces. The monolith was then dried at 50°C overnight. TiO2 contained Tyzor LA material (Dupont) was applied as catalyst support which was coated onto the monolith, The TiO2 concentration in Tyzor was 2.2M. Tyzor coating was applied sequentially with inter-drying steps and calcinations at 350°C. The total TiO2 loading is 5.2g. The coating thickness is 25μm. Ni(NO3)2. 6H2O and HReO4 were the precursors of the active metals. Aqueous phase solution containing 8.6wt% Ni and 1.22wt% Re was impregnated into the TiO2 coating on the monolith. The catalyst was then calcined at 300°C for 3 hours. The final composition was 18% Ni/ 2.6% Re/TiO2. The monolith catalyst was snugly fit into a tubular reactor with a jacked heat exchanger. The catalyst was activated by flowing hydrogen across the bed at atmospheric pressure, and the bed was heated to 285°C and held for 8 hours. The reactor was then cooled under hydrogen. The reactor was then raised to 1200 psig and 210°C. 25wt% sorbitol, 2.1wt% NaOH aqueous solution was pumped into the system with flowrates of 25-100 ml/hr. Hydrogen flow was regulated by a mass flow controller to keep the H2/ Sorbitol molar ratio of 8.9 The reactor pressures was maintained at 1200 psig by a dome-loaded back pressure regulator. Acknowledgements This work was funded by Laboratory Directed Research and Development (LDRD) Program at Pacific Northwest National Laboratory. Pacific Northwest National Laboratory is operated by Battelle Memorial Institute for US Department of Energy. References 1. 2. 3. 4.
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34. Twinphos: A New Family of Chiral Ferrocene Tetra-Phosphine Ligands for Asymmetric Catalytic Transformations Benoit Pugin, Heidi Landert, Martin Kesselgruber, Hans Meier, Richard Sachleben, Felix Spindler and Marc Thommen Solvias AG, Klybeckstrasse 19, Postfach CH 4002, Basel, Switzerland [email protected] Abstract A new family of chiral ligands for asymmetric homogeneous hydrogenation has been developed. The performance of mono- and bis-rhodium complexes of these chiral ferrocene tetraphosphine ligands in the hydrogenation of model substrates was surveyed in comparison to their ferrocene bis-phosphine analogs. Introduction Over the past 1-2 decades, asymmetric homogeneous hydrogenation has developed into a reliable and practical technology widely used in the pharmaceutical and chemical industries to synthesize chiral molecules. 1 This is due in no small part on the availability of a wide selection of chiral ligands and efficient techniques for rapid screening of catalyst systems for specific prochiral substrates. 2 Bisphosphine ligands, in particular, have shown broad applicability for enantioselective hydrogenation, 3 with those constructed on a ferrocene nucleus showing particular utility. 4 Two basic modes exist for assembling two coordinating functions (e.g. two tertiary phosphines) on a ferrocene nucleus: (i) attachment of both groups onto the same cyclopentadienyl ring and (ii) attachment of a single donor function to each cyclopentadienyl ring. Among the many ferrocene bisphosphines developed to date, these two motifs can be exemplified by the ligand families Josiphos 5 and Mandyphos 6 (Figure 1). In the course of our research on new ligand families for homogeneous catalysis, we became intrigued with the idea of combining both of these motifs in a single chiral ferrocene tetraphosphine ligand. One example of a ligand system exemplifying this concept, that we have named “Twinphos”, is shown in Figure 1. This ferrocene tetraphosphine ligand structure offers a number of potential advantages over previously studied phosphine ligands, including the possibility of unique metal binding modes, improved performance for select prochiral substrates, the possibility of forming mixed metal complexes, easier synthesis, and better performance relative to total catalyst mass. Consequently, we have prepared three
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new Twinphos ligands, examined their rhodium complexes by NMR, and evaluated their performance relative to their ‘parent’ Josiphos and BoPhoz ligands in the homogeneous hydrogenation of model substrates.
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Figure 1. Structures of chiral ferrocene bisphosphine and tetraphosphine ligands. Results and Discussion In theory, tetradentate ferrocene ligands can form a variety of unimolecular 1:1 metal complexes, including two monodentate (assuming the two ferrocenes bear the same phosphine substituents), four bidentate (shown in Figure 2), two tridentate (Fig. 2), and one tetradentate coordination mode, in contrast to the two monodentate and one bidentate unimolecular modes for ferrocene bisphosphines. For 1:2 ligand-metal complexes, only two unimolecular complexes are reasonable (Fig. 2), since the relative orientation of the phosphines preclude bidentate complexation of a second metal in the Mandyphos and 8-atom ring Cross-Ferrocene binding modes PR'2 Fe
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Figure 2. Binding modes for mono-Rh and bis-Rh complexes of ferrocene tetraphosphine ligands. Thus, while the behaviour of the mono-rhodium tetraphosphine complexes in homogeneous hydrogenation may be expected to correspond to that previously observed for Josiphos or Mandyphos if the additional phosphine act purely in a spectator mode, new behaviour may be observed if either of the two new cross-
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ferrocene binding modes dominate or if the one or both of the additional phosphine groups interact with the complexed metal. While a mixture of complexes may be present, in any catalysis reaction it may be expected that each complex will behave independently and therefore the observed product distribution will represent the sum of the contributions of the individual catalytically active species. Given that activity, selectivity, and productivity of the various species will differ, the observed product distribution will not necessarily reflect the population distribution of the different species. In fact, such an outcome would be unexpected. The six ligands studied in these investigations are shown in Figure 3. For each new ferrocene tetraphosphine prepared, we evaluated the hydrogenation behavior relative to the corresponding diphosphine of the “Josiphos” 7 or “Bophoz” 8 type. H3C H CyHex2P Ph2P
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Figure 3. Structures of ligands used in this study (Cyh = cyclohexyl, Ph = phenyl, MOD = 3,5-dimethyl-4-methoxyphenyl, tBu = 2-methyl-2-propyl). For our initial studies we chose to evaluate the hydrogenation of two unsaturated carbonyl model prochiral substrates with rhodium complexes of chiral ferrocene diphosphine and tetraphosphine ligands using a standard set of conditions. The substrates screened were methyl α-acetamido cinnamate (MAC) and dimethyl iticonate (DIMI). The substrates, catalysts, conditions, and experimental results are shown in Table 1.
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Table 1. Hydrogenation of methyl α-acetamido cinnamate (MAC) and dimethyl itaconate (DMI) in MeOH. O
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The hydrogenation reactions were all performed at the same substrate-torhodium ratio and, since the tetraphosphine ligands 2, 4, and 6 can form bidentate
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complexes with one and two rhodium ions, were performed at both 1:1 and 2:1 rhodium-to-ligand ratios. As seen in Table 1, the mono- and bis-rhodium complexes of tetraphosphine 2 provide similar enantioselectivities in the chiral hydrogenation of both substrates as the rhodium complex of the diphosphine (Josiphos) ligand 1 does. The bis-rhodium complex of 6 provides higher conversion but similar enantioselectivity as the rhodium complex of the diphosphine (Bophoz) ligand 5 in the chiral hydrogenation of MAC. In contrast, the mono- and bis-rhodium complexes of tetraphosphine 4 provide higher conversion and enantioselectivity in the chiral hydrogenation of MAC compared to the rhodium complex of diphosphine (Josiphos) ligand 3. For DMI, the mono-rhodium complex of 4 provides much higher conversion and enantioselectivity compared to the rhodium complex of 3, while the bis-rhodium complex of 4 is intermediate in both conversion and enantioselectivity to 3•Rh and 4•1Rh. Finally, both the mono- and bis-rhodium complexes of 6 provide similar conversion with lower enantioselectivities in the chiral hydrogenation of DMI compared to 5•Rh. From these initial survey results, we postulate that the dominant species formed by the rhodium complexes of tetraphosphine ligand 2 are the same as the rhodium complex formed by Josiphos ligand 1 and the two catalytic sites in ligand 2 act essentially independently. However, because the rhodium complexes of tetraphosphine ligand 4 behave differently than the rhodium complex of Josiphos ligand 3 for both substrates, we postulate that either a) different rhodium complexes are being formed (different binding modes as discussed above, see Fig. 2) by 3 and 4, or b) the substituents on the second cyclopentadiene (cp) ring influence the catalytically active site in the rhodium complexes of 4. The unique performance of 4•Rh and 4•2Rh relative to 3•Rh led us to initiate investigations to better understand rhodium complexation by these ligands. As a first step we prepared catalyst precursors by mixing ligands 3 and 4 with [Rh(NBD)2]BF4. We obtained 31P NMR spectra of 3, 3 + 1Rh, 4, 4 + 1Rh, and 4 + 2Rh which are shown in Figure 4. The spectrum of 3 exhibits two phosphorus resonances at -26.6 (sidearm PMOD2) and 50.1 ppm (PPh2 attached to ferrocene), each showing 31P coupling of 50 Hz, while the spectum of 4 exhibits a corresponding pair of resonances at -27.2 and 52.0 ppm and a 31P coupling of 63 Hz. Addition of one equivalent of [Rh(NBD)2]BF4 to 3 or two equivalents of [Rh(NBD)2]BF4 to 4 produces similar spectra with two strong resonances at 22.5 and 76.3 ppm for 3•Rh and 22.2 and 78.2 ppm for 4•2Rh, each resonance appearing as four lines due to combined 31P (30 Hz) and 103Rh (155 Hz) coupling. Both spectra show minor resonances around -25 to -35 ppm, indicative of non-complexed phosphorus, while 4•2Rh also exhibits a weak resonance at 97.8 ppm split by Rh but not by 31P. The major resonances suggest that complexation of two Rhodium ions by the tetraphosphine ligand 4 occurs in the same manner as binding of one rhodium by the diphosphine Josiphos ligand 3 (see Fig. 2). While the minor resonances observed
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prevents ruling out the presence of species representing alternative binding modes, the lack of 31P coupling on the resonance at 97.8 ppm in the 4•2Rh spectrum suggests this may be due to a monophosphine impurity rather than alternative species of 4•nRh. Addition of one equivalent of [Rh(NBD)2]BF4 to 4 produces a spectrum with multiple 31P resonances. Comparison to the spectra of 4 and 4•2Rh allows tentative assignment of one pair of the observed resonances to 4 and a second pair of resonances to 4•2Rh. In addition, two resonances exhibiting 31P coupling at -28.6 and -30.6 ppm, two resonances exhibiting 31P coupling at 52.2 and 54.1 ppm, and one resonance at 76.8 ppm exhibiting both 31P and 103Rh coupling are observed If the mono-rhodium complex of 4 adopts the “Josiphos” binding mode as shown in Figure 2, the 31P NMR would be expected to exhibit four resonances corresponding to one pair for the complexed phosphines, similar to 4•2Rh and one pair for the non-complexed phosphines, as in 4. Therefore, we have tentatively assigned to 4•1Rh the resonances at -30.6, 54.1, and 76.8 ppm, along with a resonance at 22.2 ppm overlapping that of 4•2Rh. If these assignments are correct, then a 1:1 mixture of 4 and [Rh(NBD)2]BF4 generates a mixture that is composed of mainly 4, 4•1Rh, and 4•2Rh. There remains a pair of resonances at -28.6 and 52.2 exhibiting 31P coupling that are not assigned. In the absence of a corresponding pair of resonance exhibiting 31P and 103Rh coupling, it is reasonable to assume that these do not represent a rhodium complex of 4, however in the absence of more detailed analysis the identity of the species producing these resonances cannot be established. Thus, the 31P NMR spectra for 3, 3•Rh, 4, 4•1Rh, and 4•2Rh can be interpreted as being consistent with the “Josiphos” binding mode for both the mono- and bisrhodium complexes of ferrocene tetraphosphine ligand 4. Unfortunately, this is not sufficient to explain why tetraphosphine ligand 4 exhibits behavior different from Josiphos ligand 3 in the hydrogenation experiments, since we cannot rule out that the catalytic behavior results from highly active minor species not identified in the 31P NMR spectra. On the other hand, the apparent predominance of the “Josiphos” binding mode in the 31P NMR of the ferrocene tetraphosphine rhodium complexes coupled with the observation that 1 and 2 exhibit similar hydrogenation behavior while 3 and 4 differ, suggests that interaction of the phosphine substituents on the opposing ferrocene rings in 4 may be influencing the catalytic sites in the rhodium complexes of 4, warranting further studies.
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Figure 4. 31P NMR spectra of 3, 3 + 1Rh, 4, 4 + 2Rh, and 4 + 1Rh in CD3OD / THF (2/1 V/V) with putative assignments of resonances for 4 + 1Rh.
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Conclusions Preliminary evaluation of ferrocene tetraphosphine ligands for asymmetric hydrogenation of olefinic substrates relative to their diphosphine analogs indicates that the impact of additional phosphine coordination sites depends strongly on the nature of the phosphine substituents. For some ligands, such as 1 and 2, little difference in hydrogenation performance is observed, indicating that 2 may be substituted for 1 in processes where reduced weight and iron content are advantageous. Alternatively, the rhodium complexes of 4 exhibit enhanced performance relative to the ferrocene diphosphine analog 3 which cannot be explained simply as a switch from one binding mode to another. 31P NMR experiments on in situ formed rhodium complexes are useful for correlating rhodium binding of different ligands in solution when a single species dominates, but are inconclusive when multiple phosphorus resonances are observed. Preparation and isolation of preformed complexes may provide better systems for study by NMR spectroscopy. Finally, this new ligand motif offers additional opportunities for identifying new and potentially valuable asymmetric homogeneous hydrogenation processes. Further work is needed to more fully characterize both the metal complexation properties of these ferrocene tetraphosphine ligands and opportunities for using these new ligands in chemically and industrially interesting asymmetric homogeneous hydrogenation systems. Experimental Section Ligands 1, 3, and 5 were prepared as previously reported.7,8 The syntheses of 2, 4, and 6 are described below. Homogeneous hydrogenation experiments and the determination of the optical yields (ee) were performed as previously reported. 9 The catalysts were prepared in situ by standard methods. Hydrogenation experiments All manipulations were carried out under Argon. The catalysts were prepared by in situ mixing of the ligand and [Rh(NBD)2]BF4 in ~2 ml of MeOH. After stirring for 10 minutes, a degassed solution of the substrate in methanol was added to the catalyst solution to provide a final substrate concentration 0.25 mol/L. The Argon atmosphere was then removed in vacuo and hydrogen (1 bar) added. The hydrogenations were started by switching on the stirrer (turbulent stirring). Conversion and ee were determined by gas chromatography, using chiral capillary columns (Chirasil-L-Val for MAC and Lipodex-E for DMI). Preparation of the NMR-samples Approximately 0.01 mmol of ligand and the appropriate molar equivalents of [Rh(NBD)2]BF4 were weighed into a Schlenk tube. A magnetic stir bar was added, the Schlenk tube was evacuated , filled with Argon, and 1.2 ml of degassed CD3OD / THF (2:1 V/V) mixture was added. The solution was stirred for 10 min at room



Pugin et al.



301



temperature, then transferred by syringe into an Argon filled NMR tube. The NMR spectra were recorded on a Bruker DPX spectrometer operating at 300.13 MHz proton resonance. Synthesis of 2 Dicyclohexylphosphine (0.34 ml, 1.7 mmol) was added to 1,1’bis(diphenylphospino)-2,2’-bis(α-dimethylaminoethyl)ferrocene (536 mg, 0.77 mmol) in 5 ml of acetic acid and the red solution is stirred overnight at 105°C. After cooling, the reaction mixture was partitioned between toluene and water. The aqueous phase was saturated with sodium chloride and extracted with toluene. The organic phase was dried over anhydrous Na2SO4, evaporated in vacuo, and chromatographed on silica gel (Merck Si60, heptane/TBME 50:1 eluent) to provide 424 mg (55%) of 2 as a yellow crystalline solid. 1H-NMR (C6D6): δ 0.8-2.0 (m, 50H), 3.11 (s, 2H), 3.56 (m, 2H), 4.40-4.55 (m, 4H), 6.85-7.55 (m, 20H). 31P-NMR (C6D6): δ +16.3 (d); -25.5 (d). Synthesis of 4 s-BuLi (30.45 ml of 1.3 molar in cyclohexane, 39.6 mmol) was added dropwise over 30 minutes to a stirred solution of (S,S)-1,1’-bis[1-(dimethylamino)ethyl]ferrocene 10 (5.144 g, 39.6 mmol) in 25 ml of diethyl ether cooled in an ice-water bath. After stirring with cooling for 3.5 hours, (MOD)2PCl (14.44 g, 42.9 mmol) was added, the cooling bath was removed, and the reaction mixture was stirred overnight. The mixture was quenched with with water and extracted with TBME. The organic phase was dried over anhydrous Na2SO4, evaporated in vacuo, and purified by chromatography on silica gel (Merck Si60, ethanol). Recrystallization from ethanol provided 7.03 g (46%) of a yellow, crystalline solid 11 which was used in the next reaction. Di-t-butylphosphine (18.9 g of 10% solution in acetic acid, 12.02 mmol) was added to a solution of the product (4.0 g, 4.31 mmol) from the previous step in 20 ml of acetic acid and this reaction mixture was stirred overnight at 105°C. After cooling, the mixture is partitioned between dichloromethane and water. The organic phase was dried over anhydrous Na2SO4, evaporated in vacuo, and purified by chromatography on silica gel (Merck Si60, 10/1/0.1 heptane/TBME/triethylamine) to provide 4 as orange, crystals compound (yield: 50%). 1H-NMR (C6D6): δ 7.73 (s, 2H), 7.70 (s, 2H), 7.23 (s, 2H), 7.21 (s, 2H), 4.18 (m, 2H), 3.93 (m, 2H), 3.70 (q, 2H), 3.65 (m, 2H), 3.36 (s, 6H), 3.26 (s, 6H), 2.33 (m, 6H), 2.24 (s, 12H), 2.12 (s, 12H), 1.42 (d, 18H), 1.15 (d, 18H). 31P-NMR (C6D6): δ +52.2 (d), -26.5 (d). Synthesis of 6 40% Aqueous methylamine (64 ml, 33.2 mmol) was added to 1,1’bis(diphenylphospino)-2,2’-bis(α-acetoxyethyl)ferrocene 12 (403 mg, 0.55 mmol) in isopropanol (5 ml) and the reaction mixture was stirred in a closed pressure ampoule at 90°C for 66 hours. After evaporation in vacuo, the residue was dissolved in ethyl acetate/heptane 1:1 and extracted with 10% aqueous citric acid. The aqueous phase was washed with ethyl acetate/heptane 1:1, basified with 2N NaOH basic and
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extracted with dichlromethane. The organic phase was dried over anhydrous Na2SO4, evaporated in vacuo, and purified by chromatography on silica gel (Merck Si60, 1% cyclohexane in ethonal) to provide a yellow solid 13 (58%) of that was used in the next reaction. A solution of the product from the previous step (209 mg, 0.313 mmol), triethylamine (0.2 mL, 1.4 mmol), and diphenylphosphine chloride (0.15 ml, 0.81 mmol) in toluene (2 mL) was stirred at 50 °C overnight. After cooling, heptane (10 mL) was added, the suspension was filtered, the filtrate was evaporated in vacuo, and chromatographed on silica gel (Merck Si60 80/20/2.5 heptaneethyl acetate/triethylamine) to provide 6 as solid orange foam (yield: 96%). 1H-NMR (C6D6), δ7.5 – 6.8 (m, 40H), 5.24 – 5.12 (m, 2H), 4.52 (m, 2H), 4.25 (m, 2H), 3.01 (m, 2H), 2.19 (d, 6H), 1.60 (d, 6H). 31P-NMR (C6D6): δ +59.1 (d); -24.6 (d). References 1. 2. 3. 4.
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H.U. Blaser, F. Spindler, and M. Studer, Applied Catalysis A: General 221 119 (2001). H.U. Blaser, E. Schmidt eds., “Large Scale Asymmetric Catalysis,” Wiley-VCH, Weinheim, 2003. Chim. Oggi / Chem. Today 22(5) (2004), Supplement on Chiral Catalysis H.U. Blaser, Ch. Malan, B. Pugin, F. Spindler, H. Steiner, and M. Studer, Adv. Synth. Catal. 345, 103 (2003). W. Tang and X. Zhang, Chem. Rev. 103, 3029 (2003). H.U. Blaser, M. Lotz, F. Spindler, "Asymmetric Catalytic Hydrogenation Reactions with Ferrocene Based Diphosphine Ligands" in Handbook of Chiral Chemicals, 2nd Edition, D. J. Ager (Ed.), CRC Press, Boca Raton 2005 H. U. Blaser, W. Brieden, B. Pugin, F. Spindler, M. Studer, and A. Togni, Topics in Catalysis 19, 3 (2002) J. J. Almena Perea, A. Borner, P. Knochel, Tetrahedron Lett. 39, 8073 (1998); J. J. Almena Perea, M. Lotz, P. Knochel, Tetrahedron: Asymmetry 10, 375 (1999); M. Lotz, et al., ibid. 10, 1839 (1999). A. Togni, et al., J. Am Chem Soc. 116, 4062 (1994). N. W. Boaz, et al., Org. Lett. 4, 2421 (2002). W. Weissensteiner, et al. Organometallics 21, 1766 (2002). L. Schwink, P. Knochel, Chem. Eur. J. 4, 950 (1998). 1 H-NMR (C6D6): δ 7.52 (s, 2H), 7.50 (s, 2H), 7.14 (s, 2H), 7.11 (s, 2H), 4.37-4.28 (m, 6H), 3.86 (m, 2H), 3.30 (two s, 12H), 2.1 (s, 12H), 2.09 (s, 12H), 1.90 (s, 12H), 1.40 (d, 6H). 31P-NMR (C6D6): δ -23.7 (s). Hayashi et al., Organometal. Chem. 370, 129 (1989). 1 H-NMR (C6D6): δ 7.43 – 7.37 (m, 4H), 7.3 – 7.25 (m, 4H), 6.99 – 6.86 (m, 12H), 4.55 (s, 2H), 4.39 (m, 2H), 4.10 – 4.03 (m, 2H), 3.21 (m, 2H), 2.06 (s, 12H), 1.51 (d, 6H). 31P-NMR (C6D6): δ - 24.2 (s).
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Catalyst Library Design for Fine Chemistry Applications József L. Margitfalvi, András Tompos, Sándor Gőbölös, Emila Tálas and Mihály Hegedűs



Chemical Research Center, Institute of Surface Chemistry and Catalysis, Department of Organic Catalysis, 1025 Budapest, Pusztaszeri út 59-67 Hungary [email protected] Abstract In this study general principles of catalyst library design for a 16-well high-throughput high-pressure reactor system (SPR 16) used for combinatorial catalytic experiments in the field of fine chemistry are described and discussed. The focus is laid on heterogeneous catalytic selective hydrogenation reactions. It has been shown that Holographic Research Strategy (HRS) combined with Artificial Neural Networks (ANNs) is an excellent tool both for catalyst library design and the visualization of multidimensional experimental space. Introduction In the last decade methods of combinatorial catalysis and high throughput experimentation has obtained great interest [1-4]. In the field of heterogeneous catalysis most of the efforts are devoted to the investigation of gas phase reactions, where several hundreds catalysts can simultaneously be tested [5,6]. Contrary to that, in high-pressure liquid phase catalytic reactions in a single reactor module only 8-16 parallel experiments can be performed. There are reports to use up to six modules as a parallel setup [7]. In combinatorial heterogeneous catalysis two general approaches are in practice: experiments without [8-10] and experiments with the use of a given library optimization method [11,12]. The use of an optimization tool strongly reduces the number of experiments required to find catalysts with optimum performance. The methods used for catalyst library design are quite divers. Industrial companies, like Symix, Avantium, hte GmbH, Bayer AG are using their own proprietary methods. In academic research the Genetic Algorithm (GA) is widely applied [11,12]. Recently Artificial Neural Networks (ANNs) and its combination with GA has been reported [13,14]. In these studies ANNs have been used for the establishment of composition-activity relationships.
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In gas phase reactions the size of catalyst libraries can be over couple of thousands. For instance, in the synthesis of aniline by direct amination of benzene around 25000 samples were screened in about a year [15], however, the optimization method used was not discussed. In contrast, in liquid phase reactions taking place at elevated pressure and temperature, due to technical difficulties the rational approach does not allow testing libraries containing more than 200-250 catalysts. Consequently, the informatic platform and the strategy used to design catalyst libraries for highpressure liquid phase reactions should have very unique optimization tools. Although combinatorial and high throughput methods are often used in the field of fine chemistry [16-17], there are only scarce data in the literature for the use of high-throughput or combinatorial approaches in liquid phase selective hydrogenation in the presence of heterogeneous catalysts. Simons has reported [18] the use of highthroughput method for both the preparation and testing of Pt based supported hydrogenation catalysts. However no optimization tools were used. A split-plot experimental design has been applied to investigate the type of catalyst, catalyst concentration, the pressure and the temperature [7]. Recently, continuous-flow microreactors were used for high throughput application in the area of hydrogenation and debenzylation [19,20]. However, no optimization tools were applied in these studies. The lack of the use of catalyst library design tools in the field of heterogeneous catalytic hydrogenation inspired us to describe our approach used in this area. In this presentation we shall depict our complex approach to design, optimize and mapping catalyst libraries. The aim of the present study is to show the strength of our optimization tools for fine chemistry applications. We shall discuss the peculiarities of library design for selective hydrogenation reactions. The basis of this approach is the availability of a high-throughput automatic reactor set-up allowing to perform 16 parallel hydrogenation experiments at different temperatures, hydrogen pressure, stirring rate, concentrations and using different solvents. Results and Discussion General Considerations The Basis of the Optimization The design and optimization of a catalyst library for selective hydrogenation is based on the knowledge accumulated in the patent and open literature. In this study we shall focus on catalysts libraries related to supported metals. The catalyst library optimization is performed in an iterative way. First a “rough experimental space” is created, tested and optimized by HRS. In the “rough experimental space” the distance between discrete levels of the experimental variables is relatively large. After testing three – four catalyst generations different Data Processing methods, such as general statistical approaches or Artificial Neural Networks (ANNs), can be applied to determine the contribution of each variable into the overall performance or establish the Activity - Composition Relationship (ACR).
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Based on the ACR "virtual" catalytic tests and optimization can be performed using HRS (further details are given in the experimental part). Alternatively the whole experimental space can be mapped (see Fig. 1). After subsequent verification step a “high resolution experimental space” is created and further optimization takes place by HRS creating 1-3 more catalyst generations. After the last verification procedure the



composition of optimized catalyst can be obtained. This strategy is represented by Scheme 1. Scheme 1. Flowchart of catalyst library optimization. The Specificity of Optimization in Selective Hydrogenation In the field of selective hydrogenation two important properties are used to describe the catalytic performance: the activity and the selectivity of the catalysts. Their values have to be optimized. The simplest approach is to fix the desired conversion level and ranking the catalysts according to their selectivity data. An alternative way for catalyst optimization is the use of the so called "desirability function" (d). Upon using this function different optimization parameters can be combined in a common function (D). In the combination different optimization parameters (often called as objective functions) can be taken into account with different weights [21]. The single desirability function for the conversion (α) can be described by the following formula:
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dα = e



− (e − (b0α +b1α ⋅α ) ) (1)



Similar function can also be applied for the selectivity as well. In these formulas the b0 and b1 parameters can be determined if two corresponding d and α values are available. These values are usually arbitrary selected by the researcher. d can have values only between 0 and 1. Obviously, the higher the value of d the better the catalyst performance. For example, the acceptable d value (0.4) in a selective hydrogenation can be adjusted to 60 % of conversion, whereas the excellent d value (0.9) belongs to 80 % conversion. This selection always depends on the type of reaction investigated and the researcher itself. The combined desirability function (D) is obtained by the determination of the geometrical average of d values calculated for conversion and selectivity:



D = dα ⋅ d s



(2)



It has to be emphasized that D can get good value only if none of the component d values are small. Variables and their Levels in a Simple Optimization Task One of the simplest optimization tasks is aimed to select the proper catalyst combination and the corresponding process parameters. In this case the main task is to create a proper experimental space with appropriate variable levels as shown in Table 1. This experimental space has 6250 potential experimental points (N) (N = 2 x 55= 6250). This approach has been used for the selection of catalysts for ring hydrogenation of bi-substituted benzene derivatives. The decrease of the number of variable levels from 5 to 4 would result in significant decrease in the value of N (N= 2 x 45 = 2048). Input Data for Catalyst Library Design The first step in the library design is the definition of the key metal or the combination of key metals involved in the hydrogenation of the given functional group. The second step is the selection of the support, what is followed by choosing modifiers. Both the active site and the support can be modified. In both types of modifiers the determination of their proper concentration levels is the most important task. In general, the modification of active sites requires less amount of modifier than that of the support. The modifiers can be added to the catalyst during its preparation or during the catalytic reaction ("compositional" and "process" modifiers, respectively). In the selection of modifiers the key issues are as follows: (i) which functional group has to be hydrogenated, (ii) what group has to be preserved, and (iii) what type of undesired side reactions should be suppressed. In selective hydrogenation the following differentiation was done between components used to prepare multi-component catalysts: (i) active metals, (ii) modifiers of the active metals, (iii) modifiers of the support, and (iv) selective poisons. The list of modifiers used in different hydrogenation or related reactions are given in Table 2.
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Table 1. Variables and their levels in a simple optimization task. Variables



Variable levels



Catalyst 1, amount, g



0.05



0.10



0.15



0.20



0.25



Catalyst 2, amount, g



0.00



0.05



0.10



0.15



0.20



Hydrogen pressure, bar



25



50



75



100



125



Temperature , C



80



90



100



115



130



Substrate concentration, M



0.08



0.15



0.30



0.60



0.90



Stirring rate, rpm



LOW



HIGH



o



Table 2. Modifiers used in selective hydrogenation or related reactions. Modifier Transition metals (Pb) Transition metal salts Transition metal oxides Quinoline and analogues Tertiary amines NH3 Trialkyl and triaryl phosphines Alkali hydroxides and carbonates Long chain amides H3PO3 and H3PO4



Reaction Triple bond Various Various Dienes Keto groups Reductive amination hydrofromylation



Type M–C M-C S–C M–P M–P P M–P



Nitrile hydrogenation



S–C



For unsaturated nitriles Reductive amination unsaturated compounds containing Selective hydrogenation (CS2,



Sulfur compounds tiophene) Metal acetyl-acetonates Metal alkyls (SnR2Cl2,) Metal (Sn, Ge) tetraalkyls CO Chiral moieties Alkali and alkali earth metals VOx



M-P of M-P M-C



Selective hydrogenation M-P Nitrile hydrogenation M-C Unsaturated aldehydes M-C Triple bond M-P Prochiral ketones, imines M-C, M-P Selective hydrogenation of M-C phenol Reductive amination of M-P ketones M - modifier for the metal, S - modifier for the support, C - Compositional, P Process. The above list of modifiers unambiguously shows their large diversity. There are examples indicating that the best results can be achieved by combination of several modifiers [22]. Consequently, catalyst modification is an excellent field for combinatorial research provided a library optimization method is available.
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Basic Principle of HRS The Holographic Research Strategy (HRS) developed for catalyst library design and optimization can be considered as a deterministic approach, i.e. the route of optimization is unequivocally determined by the applied setting parameters [23,24]. In HRS similarly to other methods, such as the genetic algorithm (GA) [11]], the test results of the (n-1)th generation is used to design the nth generation. During the optimisation, the Holographic Research Strategy uses the rank between catalysts tested. This rank is usually called as an “elite list” which is used to design the next catalyst generation. In HRS the key setting parameters are as follows [23,24]: (i) the total number of experimental variables, (ii) the selected levels of experimental variables, (iii) initial arrangement of variables along the axes (see Fig. 1) and the way of variable position changes, (iv) the number of the best hits around which the new catalyst generation is created, and (v) the size and the form of the experimental regions used to design the next catalyst generation. Undoubtedly all of these parameters can influence both the rate and the certainty of optimum search. In this respect the importance of the size of the experimental region has already been discussed in our previous studies [23,24]. When all compositional variables have been selected the next task is the definition of the levels of these variables. The levels can be given either in absolute concentration or as a relative ratio. The necessary number of levels for a variable is the arbitrary decision of the experimenter. It depends on the range that has to be explored. Special attention has to be devoted to possible non-smooth areas. In a reasonably narrow range the effect of a variable are usually investigated using 4 – 5 levels, which according to our results proved to be sufficient. In an eight-dimensional experimental space containing 78,000 – 125,000 possible compositions less than 150-200 measurements were sufficient to find or approach the optimum [23,24]. The levels of the compositional variables strongly depend on the role of the given component in the catalyst composition. For key components steps in 0.5 w % is very common. For compositional modifiers of the active metal small steps has to be used in 0.05 or 0.1 w % interval. For the determination of the required amount of process modifiers (quinoline, amides, sulfur) the dispersion (D) of the key metal has to be determined or estimated. The amount of this type of modifiers (M) is usually in the range of 0.05-0.2 Mmod/Ametal where Mmod = amount of the modifier in moles and A metal is the total amount metal in gram atoms. The amount of modifiers for the support can be one order higher than the metal content of the catalyst. According to the above considerations if the optimization is performed under fixed process parameters the initial step in library design is finished, i.e. the catalysts of the initial library can be introduced into the experimental hologram. However, it is strongly recommended to include one or two process parameters into the library design procedure. Reaction temperature and hydrogen pressure is the two most important process parameters influencing both the activity and the reactivity.
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Combination of HRS with ANNs In catalysis research upon using high-throughput experimentation the most crucial problem is to discover patterns related to the composition and the catalytic performance (activity, selectivity and lifetime). For this purpose “information mining” methods are applied [25]. Artificial Neural Networks (ANNs) is one of the commonly used "information mining" tools. Due to their strong pattern recognition abilities ANNs has been used by different authors for information mining [13,26]. We are using ANNs to establish the relationship between the composition of catalysts and their catalytic activity. Due to the black-box character of ANNs they can be used to perform "virtual catalytic" experiments or to map the whole experimental space (see Scheme 1.). Visualization Ability of HRS Since the visualisation ability of the experimental space is an inherent property of HRS it can be exploited in data mining as well. In this case upon using ANNs the activity for each composition in the hologram can be determined. Figure 1. shows the mapping of the experimental space after combined use of HRS and ANNs. In this small experimental space four variables (A, B, C, D) were optimized. The concentration waves of components A and B are placed along the X axis, while that of the components C and D along the Y axis. As far as there are only two variables along each axis there are only four combinations for the visualization of the experimental hologram. Two selected holograms are shown in Figure 1. As emerges from Figures 1 all variables have six concentration levels, i.e. the total number of combinations in this experimental space is 1296. The activity of samples above 89 % conversion is shown by a white color, while that of below 50 % is shown by black. The maximum value of conversion is shown by a cross. The analysis of these holograms shows the following activity composition relationship: There are distinct light and dark areas corresponding to compositions with high and low activity, respectively; The activity crescents upon increasing the concentration of components B, C and D, however the optimum does not requires the highest concentration in components B and D. Low activity area can be found when the concentrations of both C and D are low. However, the contribution of component C is more pronounced than that of component D as in its absent the activity is the lowest (see right-side hologram); The coordinates of the maximum activity show also that there is an optimum in the concentration of A. High amount of C results in high activity (see lines 1a,b,c). Both figures clearly show the formation of islands with high activity. It is an indication for the strong synergism between components C and B (see left-side hologram). There is also a synergism between component A and D (see right-side hologram. The higher the amount of B and C the broader the area with high activity. It means also that the increase of the amount of B allows decreasing the amount of
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D in compositions with high activity (see the area between the two lines in the right-side hologram). When the concentration of component D is low A has a definite negative effect on the activity (see left-side hologram). When the amount of D is low the activity is diminishing upon increasing the amount of A (see line 1a). The circle shows the area of high activity at low A content. At high concentration of C upon increasing the concentration of B the high activity areas are shifted to areas with low D content (see lines at the right-side hologram). It means that the addition of component C replaces component D. These results show that HRS possesses an excellent visualization ability. The visualization allows us to elucidate the influence of all components on the activity. The results show that similar activity ranges can be obtained in different compositional areas. Consequently, in this case the difference in the price of components can be taken into account before using a given catalyst in the production. Catalyst and Process Optimization Catalyst library design is considered as an optimization procedure in a multidimensional experimental space. The variables in the multi-dimensional space can be differentiated as follows: (i) compositional variables, and (ii) process variables. The term compositional variables have already been discussed. The most common process variables are as follows: temperature, pressure, concentrations, pH, catalyst pore size, flow rate, stirring rate, etc. In the process of creating a compositional catalyst library the initial steps are as follows: 1. 2. 3. 4.



Selection of the components, Choosing the concentration levels of components, Introduction of a limit for a given component (Ptmax = 3 wt%), Introduction of a limit for the total amount of components (total metal content = 5 wt. %).



For catalysts used in fine chemistry the following approaches can be combined in the catalyst library design and process optimization: 1. Preparation of multi-component modified catalysts; 2. Creation of an optimum composition of modifiers (promoters, inhibitors, selective poisons, etc.); 3. Creation of a multi-dimensional experimental space containing also process variables (pressure, temperature, pH, flow rate, etc.)
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Figure 1. Mapping of catalyst library. Coordinates optimum activity (shown by ⌧) : D - fifth level, C - last level, A - fourth level, B - fifth level. Conversion values in %: - > 89-100, - 85-89, - 75-85, - 50-75, - 0-50. The main steps in catalyst optimization are as follows (see Scheme 1.): 1. Preparation and testing 3-4 catalyst generations by HRS (80-100 catalytic experiments); 2. Refinement, i.e., establishment of the activity - composition relationship by using ANNs as an information mining tool; 3. Performing "virtual experiments" using ANNs and HRS; 4. Testing the hits of "virtual experiments" (16 experiments); 5. Final tuning of the catalysts accomplishing additional 64-80 "real experiments" using HRS. Conclusions In this contribution a short description of HRS and its combination with ANNs aimed to design catalyst libraries for selective hydrogenation was given. The approach developed is based on the use of both "real" and "virtual" optimization algorithms. A set of results using HRS optimization represents the "real" optimization process. The use of ANNs as an information mining tool provides a possible to perform "virtual" experiments. In this "virtual" experiments the objective function provided by ANNs is used to move into the direction of global optimum by performing "virtual" optimization. The combination of "real" and "virtual" experiments strongly accelerates the process of catalyst library optimization. The success in catalyst library design by using the above tools has been verified both by the rate and the certainty of optimum search. Experimental Section Catalytic Reactions Reactions were carried out in a multi-reactor system (AMTEC GmbH, SPR-16) having 16 mini autoclaves working in a parallel way. Product analysis was done by GC.
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Catalyst Library Design Procedures The construction of experimental holograms by HRS is described in detail elsewhere [23,24]. In the two-dimensional representation of a multi dimensional experimental space the discrete concentration levels of components and modifiers are represented by lines (see Fig.1). The level of each component increases gradually till it reaches its maximum then it decreases gradually again. This mode of representation leads to wavelike arrangement of levels (see Fig. 1). The elements of symmetry of the experimental space is used to create the initial catalyst library resulting in 16-48 different catalyst compositions [23,24]. The design of forthcoming generations by HRS has been described in detail in our previous studies [23,24]. Information Mining Artificial neural networks have been used for information mining ANNs provide the quantitative relationship between composition and catalytic performance. ANNs describing the objective functions in the given experimental space were previously trained with data obtained during HRS optimization. For appropriate formation of ANNs and for evaluation of their predictive ability the available data of each catalyst library have been divided into three sets: (i) training, (ii) validation and (iii) testing in the following ratios: 70:15:15, respectively. The networks are trained with resilient back-propagation algorithm [26]. Training is stopped if the validation error increases for more then two consecutive epochs. Nineteen different network architectures were investigated to achieve acceptable model accuracy [26]. Every neural network architecture has been trained 1000 times (each training has been initialized with different, random node-to-node weights) [26]. According to the average mean square errors (MSE) the resulted 19000 networks were ranked. The best 100 networks have been involved into Optimal Linear Combination [27], during which so called OLCnetwork has been created. The resulting OLC-network has been applied in this study for "virtual" catalytic tests. "Virtual" catalytic tests Two optimization tools can be used for "virtual" catalytic experiments: (i) HRS and Genetic Algorithm (GA). We have recently demonstrated [28] that HRS is a faster optimization tool than the GA. The only advantage of GA with respect to HRS is that GA uses a continuous experimental space, while HRS makes use of levels. In "virtual" catalytic experiments the objective function determined by ANNs is used for optimization, i.e. for finding compositions or experimental parameters with optimum performance. In "virtual" catalytic experiments "virtual" catalyst libraries are created and just using computational methods several catalyst libraries can be virtually tested, while in the virtual experimental space we are moving towards the virtual optimum determined by the given objective function. Having found the virtual optimum one new "real" catalyst library is created in the neighborhood of virtual optimum. In this way it is possible to accelerate the process of optimization of a given catalyst library.
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Dendrimer Templates for Pt and Au Catalysts



Bethany J. Auten, Christina J. Crump, Anil R. Singh and Bert D. Chandler Department of Chemistry, Trinity University, 1 Trinity Place, San Antonio, TX, 78212-7200 [email protected] Abstract We are developing a new method for preparing heterogeneous catalysts utilizing polyamidoamine (PAMAM) dendrimers to template metal nanoparticles.(1) In this study, generation 4 PAMAM dendrimers were used to template Pt or Au Dendrimer Encapsulated Nanoparticles (DENs) in solution. For Au nanoparticles prepared by this route, particle sizes and distributions are particularly small and narrow, with average sizes of 1.3 ± 0.3 nm.(2) For Pt DENs, particle sizes were around 2 nm.(3) The DENs were deposited onto silica and Degussa P-25 titania, and conditions for dendrimer removal were examined. The focus of these studies has been on identifying mild activation conditions to prevent nanoparticle agglomeration. Infrared spectroscopy indicated that titania plays an active role in dendrimer adsorption and decomposition; in contrast, adsorption of DENs on silica is dominated by metal-support interactions. Relatively mild (150° C) activation conditions were identified and optimized for Pt and Au catalysts. Comparable conditions yield clean nanoparticles that are active CO oxidation catalysts. Supported Pt catalysts are also active in toluene hydrogenation test reactions. Introduction Industrial heterogeneous catalysts and laboratory-scale model catalysts are commonly prepared by first impregnating a support with simple transition metal complexes. Catalytically active metal nanoparticles (NPs) are subsequently prepared through a series of high temperature calcination and / or reduction steps. These methods are relatively inexpensive and can be readily applied to numerous metals and supports; however, the NPs are prepared in-situ on the support via processes that are not necessarily well understood. These inherent problems with standard catalyst preparation techniques are considerable drawbacks to studying and understanding complex organic reaction mechanisms over supported catalysts.(4)
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We are developing a new route for preparing model catalysts that uses Polyamidoamine (PAMAM) Dendrimer Encapsulated Nanoparticles (DENs) as NPs templates and stabilizers. PAMAM dendrimers, which bind transition metal cations in defined stoichiometries, can be used to template mono- and bimetallic NPs in solution. DENs have been used as homogeneous catalysts for a variety of organic reactions, including hydrogenations (particularly size-selective hydrogenations), and Suzuki, Heck, and Stille coupling reactions.(5) Bimetallic DENs are also active hydrogenation catalysts in solution, and their catalytic activity can be tuned by controlling NP composition.(5) The potential to ultimately control NP properties makes DENs extremely attractive as precursors to supported catalysts. The possibility of controlling particle size and composition makes DENs uniquely suited to exploring the relative importance of these effects on catalytic reactions. Because the nanoparticles are prepared ex situ and can be deposited onto almost any substrate or support, DENs offer the opportunity to examine tailored NPs using materials comparable to those employed as industrial catalysts. However, before DENs can be utilized as heterogeneous catalyst precursors, appropriate methods must be developed to remove the organic template. If activation conditions are too harsh, particle agglomeration may suppress the potential advantages of the dendrimer method. If activation conditions are too mild, incomplete removal of the dendrimer may leave organic residues on the particles and poison the catalyst. Background Previous work has focused largely on dendrimer removal from Pt-DENs supported on silica. Our studies have shown the amide bonds that comprise the dendrimer backbone are relatively unstable (they begin decomposing at mildly elevated temperatures, ca. 100 °C) and that the Pt nanoparticles help to catalyzed the dendrimer decomposition.(3,6,7) However, extended higher temperature oxidation and/or reduction treatments (several hours at 300 °C) are required to completely remove organic material from Pt DENs. For Pt/SiO2 catalysts, dendrimer oxidation appears to lead to the formation of surface carboxylates, which partially poison catalytic activity.(6,8) A recent surface science study by Chen and coworkers supports these general findings and provides convincing evidence that Pt plays an important role in catalyzing dendrimer decomposition.(9) Crooks and coworkers, who studied Pd and Au DENs immobilized in sol-gel titania, similarly reported the onset of dendrimer mass loss at relatively low temperatures (ca. 150 °C). Pd helped to catalyze dendrimer decomposition in their system, as well. Temperatures of 500 °C or greater were required to completely remove organic residues from their materials.(10) This treatment resulted in
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substantial particle agglomeration, particularly for Au-based materials, although pore templating by the dendrimer mitigated the particle growth. Using Pt-DENs/SiO2, we showed that activation temperatures could be reduced to as low as 150 °C by using CO oxidation reaction conditions. Supported Pt catalysts pretreated in 1% CO & 25% O2 at 150 °C for 16 hours had essentially the same CO oxidation activity as catalysts oxidized at 300 °C for 16 hours. In this activation protocol, CO essentially acts as a protecting group: strong CO adsorption prevents Pt from participating in dendrimer oxidation and prevents dendrimer fragments from fouling the nanoparticle catalyst. Results and Discussion



Rate (1/ min)



Based on our previous work developing activation conditions for supported Pt DENs, we began investigating dendrimer removal from supported Au DENs under CO oxidation catalysis conditions (1% CO, 25% O2). Au based catalysts are extremely sensitive to preparation techniques and sintering, so minimizing activation temperatures is in important consideration for this system. Additionally, in spite of the potential for high CO oxidation activity, it is unclear whether Au NPs will be capable of participating in dendrimer 40 oxidation. Consequently, we began our study by directly monitoring CO 35 150 ºC oxidation activity during catalyst 30 pretreatment. 25



In these experiments, shown in 20 125 ºC Figure 1, the CO oxidation reactor 15 system was charged with supported, in 10 tact Au-DENs/TiO2, and CO oxidation 100 ºC activity was monitored as a function of 5 time on stream at various temperatures 0 (100, 125, and 150 ºC). The time 0 5 10 15 20 25 required to reach maximum activity Time (hours) varied from 8 hours at 150 °C to 24 hours at 100 °C. We sought to keep Figure 1. Au-DENs/TiO2 activation activation temperatures as low as under CO/O2 atmosphere. possible to minimize sintering, so higher temperatures were not investigated. Additionally, activation under CO oxidation conditions relies on adsorbed CO to “protect” the metal particle surface from poisoning by dendrimer decomposition products. The “protective” properties of CO diminish as adsorption equilibira favor free CO at higher temperatures.
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The differences between catalysts treated at 125 and 100 ºC suggest that lower activation temperatures might produce catalysts that are more active. This data is collected with different conversions, at different temperatures, and with small masses of catalyst, so observed rates in these experiments are only qualitative activity measures. Variances in surface water content, which might be substantial at these temperatures, also can dramatically affect the activity of supported Au catalysts.(11) Consequently, it is difficult to draw meaningful conclusions regarding catalyst activity from the low temperature activation data.
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Figure 2. CO oxidation catalysis by Au/TiO2 for various pretreatments. (A) rate vs. temperature plots and (B) Arrhenius plots. For further studies, we focused on catalysts activated at 150 °C as a model for the low temperature activation conditions. Figure 2a shows carefully determined catalytic activity data for Au/TiO2 catalysts activated with the low temperature protocol (16 hours at 150 ºC in 1% CO and 25% O2) versus activation treatments previously developed in our lab using other supported DENs. These previously determined conditions included a 6 hour oxidation with 25% O2 at 300 ºC (Ahigh-ox) and a 4 hour oxidation with 25% O2 plus two hour reduction with 25% H2 at 300 ºC (Ared). For the Au/TiO2 catalysts, activated with these protocols, only minimal differences in reactivity were observed. Catalyst Alow-ox was substantially more reactive than catalysts prepared with shorter, high temperature treatments (rates were roughly 6 times faster with the Alowox pretreatment at about 80 ºC). Although the Au/TiO2 catalysts prepared from DENs are more active than the supported Pt catalysts we have previously examined,(6)1 they are not as active as the best literature reports for CO oxidation by supported Au catalysts prepared by other means. Arrhenius plots using rate data between 2 and 12% conversion for the Au/TiO2 catalysts activated with these three
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protocols (Alow-ox, Ared, and Ahigh-ox) are in Figure 2b. Extracted apparent activation energies (Eapp) from this data, found in Table 1, indicate a substantial change to the catalyst upon high temperature reduction (vida infra). Table 1. Apparent activation energies (Eapp) from Arrhenius plots. Catalyst Designation Ahigh-ox
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Eapp (kJ/mole)



25% O2 @ 300 °C for 6 hrs
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25% O2 @ 300 °C for 4 hrs + 25% H2 @ 300 °C for 2 hrs
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Alow-ox



1% CO + 25% O2 @ 150 °C for 16 hrs. • activation & testing immediately after preparation
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Blow-ox



1% CO + 25% O2 @ 150 °C for 16 hrs. • activation & testing immediately after preparation
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1% CO + 25% O2 @ 150 °C for 16 hrs. • activation immediately after preparation, testing 1 month later
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Blow-ox+1mo.



1% CO + 25% O2 @ 150 °C for 16 hrs. • activation & testing 1 month after preparation
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Figure 3. CO oxidation by batch B catalysts activated under CO + O2 at 150 ºC. (A) rate vs. temperature plots and (B) Arrhenius plots.
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We encountered substantial difficulties in reproducing the Alow-ox activity data over the course of several weeks using the original batch of catalyst. Subsequent activations yielded catalysts with lower activities than the freshly prepared and activated material. Although supported Au catalysts are notorious for their problems with reproducibility, these results were surprising, since our previous work with supported Pt catalysts prepared from DENs was highly reproducible among different members of the group. To examine the peculiarities associated with the Au/TiO2 catalysts activated at lower temperatures, a second batch (B) was prepared by a second research student using identical procedures as the first. Beyond evaluating the general reproducibility of the preparation method, the goal of these experiments was to determine if it is necessary to activate supported Au DENs immediately after catalyst preparation. Additionally, we hoped to begin investigating the cause of the apparent catalyst deactivation. Catalyst batch B was separated into three parts: Blow-ox was activated and tested immediately after preparation, Blow-ox+1mo was activated immediately after preparation but activity tests were performed one month later, and B1mo+low-ox was activated and tested one month after preparation. During the waiting period, catalysts were stored in foil wrapped containers under air in a desiccator. The data for catalysts Alow-ox and Blow-ox in Figure 3 and Table 1 show that both the CO oxidation rates and Eapp values were highly reproducible between batches, provided that the catalysts are activated and tested soon after preparation. Catalyst Blow-ox+1mo was a factor of two less active than the freshly prepared and activated Blow-ox; catalyst B1mo+low-ox showed similar decreases in activity. B



B



The changes in apparent activation energies for the various samples offer initial insights into possible changes in catalytic active sites. The Alow-ox and Ahigh-ox catalysts had similar Eapp values of approximately 34 kJ/mole, while the Ared catalyst, which underwent a reduction treatment prior to activity measurements, had an Eapp that was more than a factor of two larger at 75 kJ/mole (Table 1). In our previous work with Pt catalysts prepared from DENs, lower Eapp values for CO oxidation generally correlated with cleaner surfaces.(3,7) For the Au/TiO2 catalysts, however, the higher temperature reduction treatments also reduced the overall catalyst activity. The magnitude of the change in Eapp for the Ared sample, which had been reduced at 300 ºC, suggests that the deactivation observed for this sample is likely due to sintering. This catalyst also visibly changes color, consistent with an increase in Au nanoparticle size. The apparent activation energies for the unreduced samples are all very similar. The samples pretreated with low temperature oxidation in the presence of CO all
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have Eapp values within experimental error of 32 kJ/mole. The high temperature oxidation and delayed low temperature oxidation treatments are only slightly higher (36 and 40 kJ/mole, respectively). The observation that the Eapp values from the less active B catalysts do not change substantially from the freshly prepared and activated catalyst, and are similar to the catalyst treated with high temperature (300 ºC) oxidation, indicates that the active sites on all these catalysts are at least qualitatively similar. This, in turn, suggests that the primary activity differences from sample to sample are not due to intrinsic activity difference associated with different types of active sites. Rather, the differences observed in catalytic activity are likely to be due to differences in the number of active sites present on each catalyst.
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In order to better understand changes to the catalyst surface during activation, infrared spectroscopy was used to monitor the dendrimer decomposition process. IR spectra of intact Au-DENs/TiO2 are
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1700 1500 1300 Wavenumbers (cm-1 ) Figure 4. IR spectra of (top) PtDENs/SiO2 and (bottom) Au-DENs/TiO2



compared with a spectrum of Pt-DENs/SiO2 in Figure 4. The spectrum of PtDENs/SiO2 shows the amide I and II bands at 1657 and 1538 cm-1. These values are consistent with free PAMAM dendrimers in solution and with previous reports for unactivated dendrimer templated catalysts on SiO2.(3,7,9) The TiO2 supported DENs are strikingly different, with 2 prominent peaks from the dendrimer visible at 1540cm-1 and 1440 cm-1. Two additional smaller peaks at 1220 cm-1 and 1155 cm-1 are also apparent on the TiO2 support.
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Dendrimer Templates



Absorbance



The 100 cm-1 shift of the two most prominent bands indicates strong interactions between the dendrimer and TiO2; these interactions are not present when SiO2 is used as the support. A previous study comparing FTIR adsorption of benzamide and acetamide on TiO2 shows that the amide bonds bind strongly to TiO2, shifting the amide IR vibrations about 100 wavenumbers.(12) This study concluded that amides lose the amino H+ to TiO2 upon adsorption, and the resulting IR band is due to the symmetric and antisymmetric stretch of the -CON- group.(12) Results with titania supported Au-DENs are consistent with this explanation, and suggest that the adsorption of the DENs onto TiO2 is driven primarily by the interaction between the dendrimer amide bonds and the support. This conclusion is somewhat different than for other supports 5 hr (SiO2, Al2O3) where adsorption appears to be driven by NP-support 0.3 interactions (3). 0 hr Dendrimer decomposition was 20 hr also monitored during activation. In this experiment, in situ IR spectra were collected as the catalyst was heated to 150 ºC in the presence of CO, O2 and He, 46 hr simulating the “low-ox” activation conditions. Figure 5 shows that 1700 1500 1300 1100 the amide bonds at 1540 cm-1 and -1 ) Wavenumbers (cm 1450 cm-1 do not fully decompose Figure 5. IR spectroscopy of Auafter 20+ hours of treatment at 150 DENs/TiO during low-ox pretreatment. 2 ºC, and the two smaller peaks at -1 -1 1150 cm and 1230 cm do not change at all. Since typical activation conditions consists of heating the catalyst at 150 ºC for only 16 hours, it is clear that substantial dendrimer fragments and oxidation byproducts remain on the catalyst surface after activation. The persistence of the dendrimer decomposition products is the likely cause of the catalyst deactivation over time. The presence of dendrimer and dendrimer byproducts indicates that even the more active catalysts are not particularly clean. It is difficult to distinguish between species adsorbed on the NPs from those primarily on the support; however, it is likely that the location of the dendrimer decomposition varies widely along the surface of the catalyst. The dendrimer fragments present on the support could migrate over time and poison the metal active sites, resulting in the lower catalytic activity over time. It is also possible that the residual dendrimer undergoes some slower oxidation processes that result in a stronger, unobservable poison.
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Experimental Section Au-DENs were prepared via literature procedures (2)2 and deposited onto Degussa P25 Titania by stirring at pH 6 overnight. In situ infrared spectroscopy, catalyst activation, and CO oxidation experiments were performed using previously described procedures.(3) Catalyst activation under CO oxidation conditions were used 23 mg catalyst samples diluted 10:1 with α-Al2O3. In CO oxidation activity measurements, the feed composition was 1.1% CO, 27% O2 balance He, and the flow rate was kept constant at 20 mL/min. Conversion was measured as a function of temperature and rate data was determined only for conversions between 1 and 12%. Acknowledgements We gratefully acknowledge the Robert A. Welch Foundation (Grant number W1552) for financial support of this work. BJA also thanks the Beckman Foundation for support during the 05-06 academic year. Acknowledgement is made to the donors of the American Chemical Society’s Petroleum Research Fund supporting the CO oxidation reactor system construction. References
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37. Development of an Industrial Process for the Lewis Acid/Iodide Salt-Catalyzed Rearrangement of 3,4-Epoxy-1-Butene to 2,5-Dihydrofuran Stephen N. Falling, John R. Monnier (1), Gerald W. Phillips and Jeffrey S. Kanel Eastman Chemical Company, Kingsport, TN 37662 Stephen A. Godleski Eastman Kodak Company, Rochester, NY 14650 [email protected] Abstract 2,5-Dihydrofuran (2,5-DHF) is typically produced by the catalytic rearrangement of 3,4-epoxy-1-butene (1) using an inorganic Lewis acid and inorganic or onium iodide in a polar, aprotic solvent. For years, commercial processes utilizing this chemistry were unattractive due to the high cost of 1 and side reactions in the rearrangement step. Recovery of the expensive catalysts and solvent was difficult and presented a serious problem for scale-up. Following the discovery of an economical process for 1, the production of 2,5-DHF was once again of industrial interest. This paper describes the development of a continuous, liquid phase process utilizing a trialkyltin iodide and tetraalkylphosphonium iodide co-catalyst system which gives high selectivity for 2,5-DHF and provides an efficient means for catalyst recovery. Introduction 3,4-Epoxy-1-butene (1) is a versatile intermediate for the production of commodity, specialty and fine chemicals (2). An important derivative of 1 is 2,5-dihydrofuran (2,5-DHF). This heterocycle is useful in the production of tetrahydrofuran (3), 2,3dihydrofuran (4), 1,4-butanediol (5), and many fine chemicals (e.g., 3formyltetrahydrofuran (6) and cyclopropanes (7)). The homogeneous, Lewis acid and iodide salt-catalyzed rearrangement (isomerization) of 1 to 2,5-DHF has been known since 1976 (8) and is the only practical method for 2,5-DHF synthesis. Lewis Acid O 1



iodide salt



ΔH = -16.8 Kcal/mole O 2,5-DHF



Typically, this rearrangement process is catalyzed by an inorganic Lewis acid and inorganic or quaternary onium iodide in a polar, aprotic solvent (e.g., ZnI2, KI, N-methyl pyrrolidone) (8,9). For years, however, commercial processes utilizing this chemistry were unattractive due to the high cost of 1 and poor reaction selectivity.
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In 1986, a process to produce 1 by the continuous, vapor phase oxidation of 1,3butadiene over a silver on alumina catalyst was discovered by Monnier and Muehlbauer of the Kodak Corporate Research Laboratories (10). The process was further developed and commercialized by Eastman Chemical Company at its Longview, Texas plant (11). Following this discovery of an economical process for 1, the production of 2,5-DHF was once again of commercial interest. Results and Discussion In the development of a 3,4-epoxy-1-butene (1) rearrangement process suitable for industrial scale-up, a number of factors were evident. The product (2,5-DHF) and starting material (1) are both liquids with identical boiling points (66ºC). No practical method is known by which to separate these isomers. This fact demands that the catalytic process be performed at high conversion for acceptable economics. The common practice of recycling unreacted starting material was not an option for this process. The major side products in this homogeneous catalysis process are crotonaldehyde (also isomeric with starting material) and the polyether oligomer of 1. Crotonaldehyde is a volatile liquid with a boiling point of 104ºC so it is separable from the reaction mixture and product. However the oligomeric material is nonvolatile and accumulates in the reaction mixture causing dilution of the catalysts and filling of the reaction vessel. Because Lewis acid and iodide catalysts are normally too expensive to discard, a rearrangement process was needed with high selectivity for product and a means for catalyst recovery (or oligomer removal). For the rearrangement process to be economically and environmentally acceptable, the recovery/reuse of the catalyst components is imperative. Scheme 1 Lewis Acid O 1 BP = 66oC
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Due to 3,4-epoxy-1-butene’s (1) conjugated vinyl and epoxide functional groups it can polymerize (oligomerize) with repeat units which are linear 1,4-substituted (munits in Scheme 1) or branched 1,2-substituted (n-units). The m/n repeat unit ratio depends on the catalyst and conditions but is usually about 15/85 (12). The oligomer produced as a side product in the 2,5-DHF process is typically a viscous liquid with a broad molecular weight distribution averaging about 1100 and density greater than 1. An important property of this unavoidable side product is the poor solubility of the higher molecular weight oligomers in non-polar alkane solvents. Thus the possibility existed for separation of catalysts from oligomers using an alkane solvent in a liquid-liquid extraction.
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With these process factors in mind, a continuous, homogeneous reaction process concept was developed in which the starting epoxide 1 is fed as a liquid to the reactor containing the soluble Lewis acid and iodide salt while continuously removing the 2,5-DHF and crotonaldehyde by distillation. Continuously, or as needed, the catalysts are recovered from the reaction mixture by extraction with an alkane and the undissolved oligomer is discarded. Catalyst Requirements The rearrangement reaction of 1 requires a two component catalyst system consisting of a Lewis acid and a soluble source of iodide anion. The process concept had a number of requirements for the catalysts in order to achieve commercially useful operation. These were: 1. High catalytic activity. 2. High selectivity (especially low oligomerization). 3. Chemical and thermal stability (for acceptable catalyst lifetime). 4. Soluble in 2,5-DHF. 5. Alkane solubility (for recovery/oligomer removal). 6. Low vapor pressure (to prevent losses during distillation steps). 7. Low melting point (for easy handling as liquids). 8. Low cost. 9. Low toxicity. Iodide Salt Catalyst Component For adequate reaction rates, a high concentration of iodide anion is necessary. The cation portion of the salt appears to have little or no effect on catalytic activity or reaction selectivity. Inorganic iodides (such as potassium iodide) are the obvious first choice based on availability and cost. Unfortunately these catalysts have very poor solubility in the reaction mixture without added solubilizers or polar, aprotic solvents. These solubilizers (e.g., crown ethers) and solvents are not compatible with the desired catalyst recovery system using an alkane solvent. Quaternary onium iodides however combine the best properties of solubility and reactivity. Quaternary ammonium iodides are attractive choices because they generally have good activity, low cost, and solubility in the reaction and recovery processes. Simple quaternization of the wide variety of available tri(n-alkyl)amines with n-alkyl iodides allows optimization of the tetra(n-alkyl)ammonium iodide salt properties: R3N + R’I Æ R3R’N+IThe long-term operation of a continuous reaction process with catalyst recovery requires a catalyst with very good thermal stability. Unfortunately the tetra(nalkyl)ammonium iodides which have good solubility properties also have poor thermal stability due to breakdown by dealkylation. This was observed during operation of the continuous process and in thermal analysis. Thermogravimetric
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analysis (TGA) of tetra(n-heptyl)ammonium iodide shows decomposition beginning at 180ºC and complete loss of weight by 285ºC. Quaternary phosphonium iodides are also good choices for the iodide salt catalyst component because they are highly active and, in some cases, soluble in the reaction and recovery processes. The simple quaternization of tri(n-alkyl)phosphines or triarylphosphines with n-alkyl iodides produces a wide variety of low cost phosphonium iodide salts: R3P + R’I Æ R3R’P+IAlthough the number of available tri(alkyl/aryl)phosphine starting materials may be somewhat lower than with the tri(n-alkyl)amines, the large number of commercially available n-alkyl iodides allows for the synthesis of many phosphonium iodide catalyst candidates. Triphenylphosphine is an attractive starting material due to its industrial availability and low cost. However it was found that the resulting (n-alkyl)(triphenyl)phosphonium iodides had poor solubility in alkane solvents. They also tended to have high melting points which is a disadvantage in process operation. Fortunately a number of trialkylphosphines are also produced in bulk industrially. Of particular interest is tri(n-octyl)phosphine which is manufactured in large volume for production of tri(n-octyl)phosphine oxide (TOPO) – a mining extraction solvent. The critical advantage of the quaternary phosphonium iodides is their excellent temperature stability. For example, the selected tetra(alkyl)phosphonium iodide salt, tri(n-octyl)(n-octadecyl)phosphonium iodide [(n-Oct)3(n-Octadecyl)P+I-, referred to as “TOP18”], shows no TGA weight loss up to 300ºC. Table 1. Tetra(n-alkyl)phosphonium iodides tested. Tetra(n-alkyl) Carbon M.W. phosphonium iodide Count (n-Oct)3(n-Bu)P+I28 554.63 (n-Oct)3(n-Hexyl)P+I30 582.68 (n-Oct)3(n-Heptyl)P+I31 596.71 + (n-Oct)4P I 32 610.73 (n-Oct)3(n-Nonyl)P+I33 624.76 (n-Oct)3(n-Decyl)P+I34 635.79 (n-Oct)3(n-Dodecyl)P+I36 666.84 (n-Oct)3(n-Hexadecyl)P+I40 722.94 (n-Oct)3(n-Octadecyl)P+I-, TOP18 42 750.99 (n-Dodecyl)4P+I48 835.15 (n-Hexadecyl)4P+I64 1059.57 P



P



M.P. (°C) 55-57 semisolid 77-79 86-88 79-81 64-65 50-52 56-58 62-65 77-79 87-88



Solubility in Octane insol. insol. insol. sol. hot sol. hot sol. hot sol. warm sol. warm sol. warm sol. hot sol. hot



Thus the selected iodide catalyst, TOP18, has good catalytic activity, selectivity, and stability. It is readily soluble in 2,5-DHF and in warm alkane solvents. As a
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salt, TOP18 has virtually no vapor pressure and it is reasonably low melting. It is easily synthesized by reaction of tri(n-octyl)phosphine with n-octadecyl iodide at a reasonable cost. Toxicity studies on TOP18 showed it to be of low toxicity: Oral LD-50 (rat), >2000 mg/kg; Dermal LD-50 (rat), >2000 mg/kg. Lewis Acid Catalyst Component As in the case of the iodide salt component, a high concentration of Lewis acid is necessary for adequate reaction rate. Inorganic Lewis acids (such as zinc iodide) are the obvious first choice based on availability and cost. However these catalysts also have very poor solubility in the reaction mixture without the use of a polar, aprotic solvent. Fortunately a family of Lewis acids was found with improved reaction selectivity and good solubility—tri(organo)tin iodides. These Lewis acids were investigated due to their known activity in the formation of cyclic carbonates from epoxides and carbon dioxide (13). Tri(organo)tin iodides were found to be considerably better than di(organo)tin diiodides and mono(organo)tin triiodides for the desired 1 rearrangement. Tri(organo)tin bromides and chlorides (in conjunction with an onium bromide or chloride) were less active and less selective than the alliodide systems. Organotin compounds are produced commercially for use in PVC stabilization and as agricultural chemicals (14). Tri(organo)tin iodides are appropriate candidates for consideration due to their excellent catalytic activity, high selectivity, availability of starting materials and ease of preparation. Triphenyltin iodide is a crystalline solid (mp 121ºC) and is soluble in hot alkanes. It is easily prepared from commercially-available triphenyltin chloride by reaction with sodium iodide. Although triphenyltin iodide had the highest activity for rearrangement with low oligomerization, it had less than acceptable stability. In extended continuous laboratory runs, the breakdown of triphenyltin iodide to diphenyltin diiodide and benzene was observed. This reaction can occur by reaction with low levels of hydrogen iodide that are present in the system. Ph3SnI + HI Æ Ph2SnI2 + PhH This loss of catalyst and contamination of product with benzene caused us to select the more stable tri(n-alkyl)tin iodides. These catalysts are not as active as the triaryltin iodides but exhibit very good stability under normal reaction conditions. They are also readily prepared from industrially-available bulk starting materials. Tri(n-octyl)tin iodide [(n-Oct)3SnI, referred to as "TOT"] can be prepared from three different starting materials although the iodide displacement is preferred: (n-Oct)3SnCl + NaI Æ (n-Oct)3SnI + NaCl TOT Tri(n-butyl)tin iodide is also an effective catalyst and its starting materials are available but TOT was selected due to its lower volatility. The octyltin compounds are also generally much less toxic than their butyltin counterparts (15).



332



Rearrangement of 3,4-Epoxy-1-Butene to 2,5-Dihydrofuran



Table 2 Tri(organo)tin iodides tested. Tri(organo)tin iodide M.W. Ph3SnI 476.91 (n-Bu)3SnI 416.94 (n-Oct)3SnI, TOT 585.26



M.P. (°C) 121



B.P. (°C (mm)) 253 (13.5) 168 (8) 215 (5)



Thus the selected Lewis acid catalyst, TOT, has good catalytic activity, selectivity and stability. It is a non-viscous liquid which is compatible with TOP18 and is miscible with 2,5-DHF and non-polar alkane solvents. It has a very low vapor pressure so it is not lost during product distillation and catalyst recovery operations. TOT is easily synthesized at low cost and it has low toxicity (Oral LD-50 (rat), >2000 mg/kg; Dermal LD-50 (rat), >2000 mg/kg). Final Catalyst System The optimized catalyst system consisted of a 1:1 mole ratio of TOP18 and TOT (16). Fresh TOP18 is charged to the reactor as a melt or a THF solution (THF is stripped during start-up). No additional solvents are used in the reaction stage of the 2,5-DHF process. The reaction mixture therefore consists of only reactant 1, 2,5DHF product, catalysts and side products (crotonaldehyde and oligomer). Indeed because of the high loading of catalysts, the reaction mixture may be considered as an ionic liquid. Analysis of the reaction mixture is best performed using X-ray Fluorescence Spectrometry (XFS, for % P, Sn, I, and Cl) and by quantitative carbon13 NMR (for % catalysts and oligomer). Carbon-13 NMR is especially useful for observing the condition of the organotin catalyst (17). The use of organotin reagents and reactions is well entrenched in organic synthesis (19). Organotin alkoxides have been shown to be valuable in the preparation of ethers (20). Heating 4-haloalkoxytributyltin compounds gives quantitative yields of tetrahydrofurans (21). In view of this precedent, Scheme 2 shows the presumed catalytic mechanism of 1 rearrangement to 2,5-DHF. Scheme 2 O
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The catalyst system of TOP18 and TOT is remarkably stable and long-lived if the reaction system is kept free of water and air. Contamination of the reaction mixture with water will lead to TOT decomposition (17). This reaction produces hydrogen iodide which reacts with epoxide 1. Air is deleterious to both catalyst components. Introduction of air into the process can cause oxidation of iodide anion to iodine which will dealkylate TOT. These reactions lead to loss of iodine value from the catalyst system which is monitored by XRF during production. 2 (n-Oct)3SnI + H2O Æ [(n-Oct)3Sn]2O + 2 HI 1 + HI Æ iodobutenols ↑ (n-Oct)3SnI + I2 Æ (n-Oct)2SnI2 + n-OctI ↑ Another mode for loss of catalyst is in the oligomer. Low levels of Sn, I and P were found in the oligomer waste (see below). Presumably some of this lost catalyst value is via covalent attachment (end groups) as well as unextracted active catalyst. Process Development and Scale-up Laboratory studies of the rearrangement process began with semi-continuous operation in a single, 200-mL, glass reactor, feeding 1 as a liquid and simultaneous distillation of 2,5-DHF, crotonaldehyde and unreacted 1. Catalyst recovery was performed as needed in a separatory funnel with n-octane as the extraction solvent. Further laboratory development was performed with one or more 1000-mL continuous reactors in series and catalyst recovery used a laboratory-scale, reciprocating-plate, counter-current, continuous extractor (Karr extractor). Final scale-up was to a semiworks plant (capacity ca. 4500 kg/day) using three, stainless steel, continuous stirred tank reactors (CSTR). CSTR-2 1 feed
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Figure 1. Semiworks-scale continuous process for 2,5-dihydrofuran.
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The process is typically operated at 100-110ºC and at, or slightly above, atmospheric pressure. The rearrangement reaction is exothermic so CSTR-1 and CSTR-2 require heat removal. CSTR-3 is operated adiabatically and its large size allows for increased overall residence time and high conversion of 1 to products. When the oligomer level has built up sufficiently, a small purge stream is removed and sent to the Oligomer Removal Unit (ORU) for catalyst recovery. This unit employs a 24-ft tall, 6-inch diameter Karr extractor and VM&P Naphtha extraction solvent (mixed heptanes, B.P. 118ºC, specific gravity 0.76 g/mL). The alkane solvent is introduced at the bottom of the continuous extractor and the catalyst/oligomer concentrate at the top. Counter-current extraction occurs as the heavy catalyst and oligomer feed falls through the rising alkane while an axiallyattached set of perforated plates agitates up and down (22). The oligomer (raffinate) is collected from the bottom of the column and is sent to the incinerator. Several extraction process variables were optimized including extractor rates, reciprocation rate, plate spacing, mass-transfer direction, and temperature profile (23). CSTR-1
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Figure 2. Oligomer Removal Unit (catalyst recovery). Because the low molecular weight oligomers are soluble in the alkane extraction solvent, an unavoidably high concentration of oligomers is returned with recovered catalyst. Therefore during steady-state operation the reaction mixture is about onethird oligomer! Table 3. Approximate steady-state process stream compositions. Component Volatiles Oligomer TOT TOP18



CSTR-3 Reaction Mixture 27% 35% 17% 21%
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Normal operation gives about 99% conversion of 1 with selectivities of approximately 94% 2,5-DHF, 1% crotonaldehyde and 4.5% oligomer. The oligomer removed by the ORU is disposed of by incineration. Typically the catalyst level in oligomer is 3.5% TOP18 and 0.5% TOT. In view of the high value of the product 2,5-DHF, this level of catalyst loss is fully acceptable. Optimized laboratory extraction conditions show 99.5% recovery of TOP18 and 99.9% recovery of TOT from the oligomer. Second generation phosphonium iodide catalysts under development show promise for further improvement in catalyst recovery and cost savings. Conclusions A novel homogeneous process for the catalytic rearrangement of 3,4-epoxy-1-butene to 2,5-dihydrofuran has been successfully developed and scaled-up to production scale. A tri(n-alkyl)tin iodide and tetra-(n-alkyl)phosphonium iodide co-catalyst system was developed which met the many requirements for process operation. The production of a minor, non-volatile side product (oligomer) was the dominating factor in the design of catalysts. Liquid-liquid extraction provided the needed catalyst-oligomer separation process. Acknowledgements We gratefully acknowledge P. L. Dotson for catalyst screening experiments, M. K. Moore for catalyst extraction studies, T. R. Nolen for valuable engineering assistance, A. J. Robertson (Cytec Industries) for phosphonium iodide advice and samples, and the many members of the Eastman EpB Project Team. References 1. 2. 3. 4.
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Abstract A new vapour phase process for the synthesis of 2,5-dimethyl-2,4-hexadiene (or tetramethyl-butadiene or TMBD) by dehydration of 2,5-dimethyl-2,5-hexandiol on solid acid catalysts has been developed. Commercial acid catalysts (oxides, zeolites, clays and acid-treated clays) were preliminarily screened by using the reaction condition previously reported in literature. Subsequently, the study focused on a detailed set-up of the reaction conditions (temperature, LHSV value and feed concentration). In the best reaction conditions identified, yield values higher than 80% were obtained using some commercial and very inexpensive clay-based adsorbents (Mega Dry and Granosil 750 JF), with a stable activity of up to 400 h of time-on-stream. These results were significantly superior to those already published. Finally, the clay-based catalysts made it possible to recover high amounts of isomers by converting them to TMBD and may be partially regenerated. Introduction Pyrethrins and pyrethroids are probably the best known and safest classes of natural or synthetic insecticides, widely used in domestic and agricultural applications (1-7). Pyrethrins are natural insecticides derived from the Chrysanthemum cineraria flowers: the plant extract, called pyrethrum, is a mixture of six isomers (pyrethrin I and II, cinerin I and II, jasmolin I and II) which was first used in China in the 1st century AD, during the Chou Dinasty. The world pyrethrum market is worth half a billion US dollars [main producers are East Africa highlands (Kenia, Tanzania and Rwanda) and Australia]; however, its availability is subject to cyclical trends, due to rains and relations with farmers, who face high harvest costs also due to the fact that the flowers have to be
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harvested shortly after blooming (8). To by-pass this problem, the Australian variety has been genetically modified to ensure that all the flowers grow at the same speed, thus reducing the harvest costs. To overcame the availability problems, many chemical companies started to manufacture the synthetic equivalents (pyrethroids), which are esters of different acid and alcohol moieties (1-7,9). Pyrethroids may be classified on the basis of their biological and physical properties (knock down or killing effect, UV-resistant or non UV-resistant, for farming or domestic uses, respectively), which depend on chemical structures and stereoisomerisms. The main intermediate for preparing pyrethroids is the chrysanthemic acid (CHA), which is currently obtained by the reaction of an appropriate diazo-acetic ester with 2,5-dimethyl-2,4-hexadiene (tetramethyl-butadiene or TMBD). The latter may be prepared in different ways (10-20), although the most relevant ones appear to be both the vapour phase reaction of i-butyralde hyde with i-butene (Prins reaction) on different oxides [14-16,18] and the liquid or vapour phase dehydration of 2,5-dimethyl-2,5-hexandiol (DMED) (Fig. 1) [11,12,19]. However, the Prins reaction shows low conversion values and the formation of high amounts of by-products, with a rapid catalyst deactivation [14,15], while in the vapour phase dehydration the surface acidity has to be finely tuned [19] in order to prevent the formation of huge amounts of useless isomers. In this study, a new economical and environmentally friendly synthesis of TMBD, by selective vapour phase dehydration of DMED on different commercial solid acids is reported. The results obtained were significantly better than those reported in literature [12], demonstrating the possibility to use cheap and commercially available raw clays or clay mixtures.
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Figure 1. Dehydration of 2,5-dimethyl-2,5-hexandiol dimethyl-2,4-hexadiene (TMBD).
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Various commercial heterogeneous catalysts have been investigated: 1) oxides = γAl2O3 (Sasol, D), SiO2 (Engelhard, USA), ZrO2 (Mel-Chemicals, UK); 2) zeolite = T4480 (Süd-Chemie, D); 3) clays = Bentonite de Cabanas and Esmectita EMV351 (TOLSA, E), K 306F (United Catalyst, USA) Granosil 750 JF, Mega Dry and 20/50 LVM (Süd-Chemie Inc., USA), Attagel 40 (Engelhard, USA); 4 ) acid treated clays = F20 (Engelhard, USA), KSF, Tonsil CO 610G (Süd-Chemie, D). 2,5-Dimethyl-2,5-hexandiol (DEMD), 2,5-dimethyl-2,4hexadiene (TMBD), and CH3OH had purity ≥ 99% and were used without any further purification. The vapour phase tests were carried out using 9 g of catalyst (30-40 mesh) in a stainless steel reactor (i.d. 1”, length 50 cm), inserted in an electric oven controlled by a J thermocouple, operating at atmospheric pressure and in the 270-310 °C temperature range. The absence of axial profiles was determined by a J thermocouple sliding inside a 1/8” stainless steel tube inserted in the catalytic bed. The feed was a solution of 2,5-dimethyl-2,5-hexandiol (DMED) in CH3OH (from 2.0 to 2.8 M) introduced by a Labflow 2000 HPLC pump (LHSV range = 0.46-1.15 h-1) in a N2 flow, regulated by a mass-flowmeter. The catalysts were first heated at 550°C for 4.5 h under a 200 mL/min flow of N2/air mixture (62:38) and afterwards at 290°C in-situ for 18 h under a 180 mL/min flow of N2. In each test, the products were collected for 4 h (after 1 h necessary to reach steady state activity) by condensing them in a trap at room temperature, followed by two traps cooled at 0°C and analysed off-line using a Hewlett-Packard gas chromatograph, equipped with FID and a wide bore HP1 column (length 30 m, i.d. 0.53 mm, and film width 1.25 μm). The catalyst-
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Figure 2. Yield in TMBD in the preliminary screening tests. (Cat. = 9 g; T = 270 °C; P = 0.1 MPa; Feed = 2.8 M DMED/CH3OH solution in N2 flow; LHSV = 0.46 h-1 [12].
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stability tests were performed for 400 h of time-on-stream. The reaction products were identified using a Varian Saturn 2000 GC-MS apparatus, equipped with a wide bore HP1 column (length 30 m, i.d. 0.53 mm, film width 1.25 μm). Results and Discussion The preliminary screening tests on the different classes of catalysts were performed in the best conditions reported in a previous patent (12). These tests showed interesting data for the vapour phase dehydration of DMED, using a commercial montmorillonite clay catalyst. All the investigated oxides and the T4480 zeolite showed very low yield values in TMBD (with the following order of activity: ZrO2 > SiO2 > γAl2O3 > zeolite) and the formation of huge amounts of by-products, mainly C8H14 isomers. On the other hand, acid and acid-treated clays, showed a very wide range of results, with increasing yield values in TMBD by decreasing the surface acidity. In fact, F20 showed a high activity, but practically formed only huge amounts of by-products, identified only in part, while very interesting data were obtained with the Tonsil CO 610G sample, a granulated material produced by acid activation of natural calcium montmorillonite (23). The latter is a very active acid clay used in a wide range of applications, having more than 200 m2/g of surface area, a highly porous inner structure and a multitude of active sites, i.e produced by treatment in soft conditions (24, 25). However, the best performances were obtained with the non-acid-treated clays Granosil 750 JF and Mega Dry, simply produced by the thermal activation of natural attapulgite/montmorillonite clay mixtures. Attapulgite, also known as palygorkite, is a clay mineral with a needle-like shape, while montmorillonite is a layered 2:1 type clay (24,25). On the other hand, the role of the clay is confirmed by the two Yield (%) 100 80 60 40 20 0 0
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Figure 3. Yield in TMBD as a function of the LHSV value (9 g of Mega Dry clay; T = 290 °C; P = 0.1 MPa; Feed = 2.8 M DMED/ CH3OH solution in N2 flow).
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Figure 4. Yield in TMBD as a function of the feed concentration. ((9 g of Mega Dry clay; T = 290 °C; P = 0.1 MPa; LHSV = 0.92 h-1; Feed = DMED/CH3OH solution in N2 flow. saponites (Bentonites de Cabanas and Esmectita EMV 351), which showed the significantly lowest catalytic performances. Saponite is also a 2:1 type clay, but it is characterised by the isomorphous substitution of Si by Al atoms in the tetrahedral layers and therefore has many and strong Lewis acid sites (24, 25). In a following step, we attempted to optimise the reaction conditions, using Mega Dry clay as catalyst: the first increase in temperature (290 °C) produced an approximate 15% increase in the yield of TMBD, while a further increase to 310 °C worsened the catalytic performances. The rate of the liquid feed also played a significant role, with an increase in the yield of TMBD up to a LHSV value of about 0.92 h-1, whereas for higher values the catalyst surface was partially stuffed (Fig. 3). Lastly, the DMED concentration also played an important role, since when the DMED concentration was decreased, the yield in TMBD almost halved (Fig. 4). However, according to literature (12), operating at high feed concentration is not simple: in fact special reactor arrangements, with heated feed, are required because of the limited solubility of DMED in CH3OH. The screening tests in optimised conditions confirmed the excellent performances of raw attapulgite/montmorillonite mixtures (Granosil 750 JF and Mega Dry) (Fig. 5). It is worth noting that these latter catalysts showed better
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Figure 5. Catalytic activity in the optimized screening tests. (Cat. = 9 g of Mega Dry clay; T = 290 °C; P = 0.1 MPa; Feed = 2.8 M DMED/CH3OH solution in N2 flow; LHSV = 0.92 h-1). performances than both the previously patented montmorillonite clay catalyst (K 306 F) (12) and a pure attapulgite clay (Attagel 40). Compared to montmorillonite, attapulgite has a higher surface area and pore volume, but lower swelling capacity; therefore, it may be suggested that commercial mixtures of the two clays represent the best compromise for the reaction studied, because each acid-catalyzed reaction and substrate has specific requirements, as previously shown in both the acylation reactions with acid treated clay F20 (26) and the vapour-phase Fries rearrangement with T-4480 zeolite (27, 28). Both Granosil 750 JF and Mega Dry showed significantly better higher and more constant catalytic performances, up to 400 h of time-on-stream, than those of pure attapulgite (Attagel 40) (Fig. 6). Lastly, it must be noted that Granosil 750 JF is an ISO-2002 certified product (23), while the physical properties of Mega Dry, which is not certified, are kept constant during production. Thus, constant performances are warranted for both catalysts. We investigated the possibility of regenerating the two most interesting catalysts - after an accelerated deactivation achieved feeding a DMED-rich solution at high LHSV value - by heating at 550 °C for 4.5 h, under a N2/air flow.
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Compared to the catalyst before regeneration, the regenerated catalyst showed a slightly higher yield value in TMBD, together with a higher formation of isomers (Fig. 7). Moreover, catalytic performances were significantly lower than those of the fresh catalyst (Fig. 5). Therefore, these catalysts may be only partially regenerated, but this is not a significant problem considering both the high stability with time-on-stream and the very low market price. Yield (%) 100 80 60 Granosil 750 JF Mega Dry
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Figure 6. Yield in TMBD (full symbols) and in C8H14 isomers (open symbols) with time-on-stream. (Cat. = 9 g; T = 290 °C; P = 0.1 MPa; Feed = 2.8 M DMED/CH3OH solution in N2 flow; LHSV = 0.92 h-1). As reported above, one of the main problems in the vapour phase dehydration of DMED to TMBD is the formation of significant amounts of by-products. Generally speaking, TMBD isomers may generally be classified in two broad categories: i) linear isomers (for example 5,5-dimethyl-hexa-1,3-diene, methylheptenes or methyl-heptadienes); ii) cyclic isomers (trimethyl-cyclopentenes or dimethyl-cylcohexene). While for the former compounds it is possible to hypothesize isomerization to TMBD, the latter must be considered lost in the carbon balance, since the ring opening reaction requires catalyst performances and reaction conditions which are not compatible with those required by the main reaction (29). In order to investigate the possibility of recovering the isomer fraction at least in part, a test was performed entailing the feeding of an isomerrich solution, obtained as residue in the TMBD recovery by distillation, on Mega Dry and acid Tonsil CO 610G catalysts. The acid clay showed a higher conversion value, but a lower selectivity to TMBD, mainly triggering further isomerization
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reactions to cyclic isomers, while the Mega Dry clay, although less active, caused the formation of TMBD, thus making it possible to recover a sizable fraction of isomers and rendering the overall process even more economically appealing (Fig. 8).
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Figure 7. Activity of the Mega Dry clay catalyst, before and after regeneration at 550 °C for 4,5 h. (Cat. = 9 g; T = 290 °C; P = 0.1 MPa; Feed = 2.8 M DMED/CH3OH solution in N2 flow; LHSV = 0.92 h-1). Conclusions The vapour phase dehydration of 2,5-dimethyl-2,5-hexanediol (DMED) to 2,5-dimethyl-2,4-hexadiene (TMBD) - key intermediate for the synthesis of chrysanthemic acid and, consequently, of pyrethroids (probably the safest and most used family of insecticides) - is an interesting example of an economical and environmentally-friendly process of industrial interest. In fact, it uses a non-toxic or non-hazardous raw material, commercially available at a reasonable price, which is thus supported by many companies. Furthermore, it functions in safe reaction conditions with heterogeneous catalysts, while showing high conversion and selectivity in TMBD values. The best results have been obtained by using as catalyst certain commercial raw clay mixtures, available at very low prices and being currently used as adsorbents. The best catalysts (Granosil 750 JF and Mega Dry) showed stable physical properties and very interesting catalytic performances, which remained constant with time-on-stream. Finally, they made it possible to recover a sizable fraction of isomers by their conversion to TMBD, thus making the overall process even more economically attractive.
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Abstract The liquid phase Friedel-Crafts acylation of thioanisole with iso-butyric anhydride to produce 4-methyl thiobutyrophenone has been studied using supported silicotungstic acid catalysts. Reaction is rapid, giving the para-acylation product in high yield. Reactions have been performed in both batch slurry and trickle bed reactors. In both reactors catalyst deactivation due to strong adsorption of product was observed. Introduction The Friedel-Crafts acylation of aromatic compounds is an important synthesis route to aromatic ketones in the production of fine and specialty chemicals. Industrially this is performed by reaction of an aromatic compound with a carboxylic acid or derivative e.g. acid anhydride in the presence of an acid catalyst. Commonly, either Lewis acids e.g. AlCl3, strong mineral acids or solid acids e.g. zeolites, clays are used as catalysts; however, in many cases this gives rise to substantial waste and corrosion difficulties. High reaction temperatures are often required which may lead to diminished product yields as a result of byproduct formation. Several studies detail the use of zeolites for this reaction (1). In this paper we report the use of supported heteropoly acid (silicotungstic acid) and supported phosphoric acid catalysts for the acylation of industrially relevant aromatic feedstocks with acid anhydrides in the synthesis of aromatic ketones. In particular, we describe the acylation of thioanisole 1 with iso-butyric anhydride 2 to form 4-methyl thiobutyrophenone 3. The acylation of thioanisole with acetic anhydride has been reported in which a series of zeolites were used as catalysts. Zeolite H-beta was reported to have the highest activity of the zeolites studied (41 mol % conversion, 150oC) (2).
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Heteropoly acids are strong Brønsted acids containing a heteropoly anion and proton cations. In the case of silicotungstic acid (STA), used in this study, the anion consists of a heteroatom (silicon) surrounded by 12 metal atoms (tungsten) which are held together by oxygen bridges. The complex has the formula H4SiW12O40.nH2O in a Keggin structure. Heteropoly acids, in either supported form or in bulk form have been widely used as acid- as well as oxidation catalysts (3-6). Previous studies describing the use of heteropoly acids in the acylation of anisole with acetic anhydride have been reported (7-9). Phosphotungstic acid was found to have slightly higher activity than silicotungstic acid under the conditions studied; this was ascribed to its stronger acid strength and resulted in the para- monoacylation product in high yield. Results and Discussion The activity and selectivity of silicotungstic acid as catalyst has been evaluated in the acylation of thioanisole with iso-butyric anhydride. Reactions were performed using a 3 fold molar excess of thioanisole. The performance of silicotungstic acid was evaluated in both supported (42%STA/silica) and bulk form. The results are shown in Table 1. Table 1. Acylation of thioanisole with iso-butyric anhydride. Conditions: 60oC, 7.5wt% catalyst loading. Catalyst



42%STA/SiO2 42%STA/SiO2 42%STA/SiO2 42%STA/SiO2 42%STA/SiO2 42%STA/SiO2 Bulk STA Bulk STA



Reaction time min



Conv. 2



0.5 1 5 7.5 10 20 10 20



92.7 94.1 98.8 99.4 100 100 99.4 99.7



%



Product selectivity / % oketone 1.44 1.40 1.42 1.29 1.26 1.28 1.17 1.18



pketone 3 94.33 94.30 95.26 94.95 93.95 94.77 91.97 92.16



Vinyl ester 0 0 0 0 0.49 0.43 0.47 0.51



Side products 4.23 4.30 3.32 3.76 4.30 3.52 6.39 6.15
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As expected, the para-acylated ketone 3 is the major reaction product, with only minor yields of the ortho-acylated product formed. Reaction is very rapid and complete conversions are obtained. Catalyst TOF numbers are >19000h-1 under these conditions. Enolisation and further reaction with the anhydride results in formation of the vinyl ester. Minor amounts of diacile and side products are formed. Similar performances are observed with both supported and non-supported STA (at equivalent STA loading in reactor). Use of non-supported STA resulted in agglomeration and deposition of the material onto the reactor wall, whereas the silica supported material could be readily removed by filtration. As the loading of STA on the catalyst support is decreased, incomplete anhydride conversion is observed and significant hydrolysis of the anhydride to form iso-butyric acid is observed (Table 2). Use of silica supported phosphoric acid results in lower ketone yields and significant hydrolysis of the iso-butyric anhydride. Blank reactions (catalyst and anhydride, 90oC, 30 min) indicates that hydrolysis of anhydride is observed in the presence of these catalysts and may result from either dehydroxylation of the silica support or residual water in the catalyst. However this reaction is slow (42%STA/silica, 44% conversion and 70%H3PO4/silica, 86% conversion respectively). Table 2. Acylation of thioanisole with iso-butyric anhydride. Conditions: 90oC, 10wt% catalyst loading. Catalyst 42% STA/SiO2 29% STA/SiO2 17% STA/SiO2 9% STA/SiO2 70%H3PO4/SiO2



Conv. 2 /% 100 100 97.0 84.5 91.3



Ketone 3 /% 70.4 69.8 64.9 56.5 52.6



Acid 4 /% 27.6 26.9 29.2 41.6 44.7



Side prods /% 2.0 3.3 8.2 1.9 2.7



Incorporation of alumina into the silica supports as silica-alumina mixed oxides or use of alumina as support results in materials exhibiting poor activity and poor selectivity to desired product, as shown in Table 3. Details of the support materials is given in Table 6. Increasing the alumina content of the silica-alumina supports results in an increase in Lewis acid sites as the alumina is largely located at the surface of the oxide. These sites appear to favour hydrolysis of the iso-butyric anhydride to acid over thioanisole acylation. The poor activity of STA/alumina may result from partial neutralisation of the STA at the basic sites on the support. Phosphotungstic acid, partially neutralised with Cs (Cs2.5H0.5PW12O40) supported on clay has been reported to show no activity in the acylation of thioanisole with acetic anhydride (10). Non-supported Cs2.5H0.5PW12O40 displayed high activity in the acylation of benzene with benzoic anhydride (11).
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Table 3. Acylation of thioanisole with iso-butyric anhydride. Conditions: 90oC, 10wt% catalyst loading. Catalyst a 29%STA/SiO2 25%STA/SiO2-Al2O3-1 38%STA/SiO2-Al2O3-2 29%STA/Al2O3 a



Conv. 2 /% 100 92.0 20.0 17.0



Ketone 3 /% 69.8 65.0 trace 18.7



Acid 4 /% 26.8 25.2 98.4 80.4



Side prods /% 3.3 6.3 1.6 0.9



analysis of the catalyst supports is given in Table 6.



Influence of Reaction Temperature The variation in activity and selectivity of 42%STA/SiO2 at different reaction temperatures (23°C, 60°C, 90°C, 127°C) is shown in Table 4. Table 4. Variation in product selectivity with reaction temperature in the acylation of thioanisole with iso-butyric anhydride. Catalyst: 42%STA/silica, 10wt% catalyst loading. Temperature /oC 23 60 90 127



Conv. 2 /% 96.0 100 99.0 76.0



p-Ketone 3 89.2 97.6 97.1 95.7



Product selectivity /% o-Ketone Vinyl ester 1.9 8.9 1.4 0.3 1.4 1.5 1.3 3.0



Side prods 0 0.7 0 0



At room temperature (23oC) incomplete conversion of the anhydride is observed (96%) and the slower reaction leads to reduced selectivity to the desired p-ketone 3. Highest conversions and selectivities are obtained when the reaction is performed in the range of 60oC to 90oC. Catalyst Reuse The possibility for reuse of the catalyst was investigated by filtration of the catalyst from the reaction mixture, washing twice with toluene and drying under vacuum. The dry catalyst was then reused for the acylation reaction with fresh reactants. Activity of the catalyst in the second cycle (first reuse) was 90% of the original activity. The catalyst displayed very poor activity upon a third cycle (5% of original activity). XRF analysis of the used, washed catalysts confirmed that no significant leaching of STA from the catalyst had occurred upon use. Deactivation is believed to result from strong adsorption of products onto the catalyst. This is
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consistent with previous reports describing strong product adsorption as the cause for catalyst deactivation in anisole acetylation over similar catalysts (6,7). Fixed Bed Reaction Reaction was also investigated in a fixed bed reactor under trickle flow conditions to investigate whether reaction under flow conditions would affect the rate of catalyst deactivation. Conversions and selectivities are shown in Table 5. Rapid deactivation of the catalyst was observed with concomitant progressive darkening of the catalyst bed indicative of strong adsorption (retention) of material on the catalyst and resulted in a lower catalyst productivity compared to equivalent reaction in a batch slurry reactor. Table 5. Acylation of thioanisole with iso-butyric anhydride in a trickle bed reactor. Conditions: 60oC, 42%STA/silica, 4.0g, Liquid WHSV = 33h-1. Reaction TOL / min 11 23 34 45 Average



Conversion 2 /% 99.9 94.1 92.7 91.0 95.1



Product selectivity / % o-Ketone 1.3 1.2 1.2 1.4 1.3



p-Ketone 3 92.2 91.3 90.5 91.0 91.2



Vinyl ester 0.3 0.4 0.4 0.6 0.4



Side prods 3.8 7.1 7.9 7.0 7.1



Other Acylation Reactions The activity of 42%STA/silica catalysts for the acylation of related aromatic reactants with iso-butyric anhydride was investigated. In the presence of anisole and veratrole, 100% anhydride conversion was observed, leading to the expected paraacylation products. No reaction was observed in the presence of chlorobenzene and other deactivated aromatic systems. Conclusions The results reported in this paper show that supported STA catalysts are efficient catalysts for the acylation of thioanisole and related activated aromatic molecules in the presence of iso-butyric anhydride as the acylating agent. The para- substituted ketone isomer is the major acylation product. Optimal catalyst activity is in the range of 60oC to 90oC. Use of either lower STA concentrations or use of weaker acids eg phosphoric acid, decreases the reaction rate and selectivity; this results in greater hydrolysis of the anhydride. Use of supported STA catalysts is more efficient than bulk STA since the reaction medium is much cleaner and enables easier removal of the catalyst.
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SiO2 is the best catalyst support for this reaction. As Al2O3 is incorporated into the SiO2 the catalyst activity and selectivity decreases significantly. In these mixed oxide support materials Brønsted acid sites favour acylation, whilst the presence of Lewis acid sites results in hydrolysis of the anhydride. Supported catalysts could be reused once with little loss of activity; further reuse led to a significant drop in activity, as a result of strong absorption of products and by-products on the catalyst surface (indicated by colour change of the catalyst). More rapid catalyst deactivation was observed in a trickle bed reactor than in a batch slurry reactor. Experimental Section Catalysts were prepared by impregnation of the appropriate support material with aqueous solutions of silicotungstic acid using JM proprietary methods. The concentration of STA in the impregnation solution was such as to achieve the desired loading on the catalyst support. Thereafter the impregnated material was dried in air (LOD oxygen in Mn+-O2- pairs > OH groups. Based on these FTIR results, the TPD profiles of Fig. 2A were deconvoluted in three desorption bands in order to quantify the density of weak, medium and strong base sites. The
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Figure 2. TPD of CO2 (A) and CO2 adsorbed species identified by FTIR (B) low-temperature peak at 360-380 K was assigned to bicarbonates formed on weak Brönsted OH groups (nOH); the middle-temperature peak at 450 K was attributed to bidentate carbonates desorbed from medium-strength metal–oxygen pairs (nMO) and the high-temperature peak at 510-550 K was caused by the release of unidentate carbonates from low coordination oxygen anions (nO). A fourth peak above 650 K was found in samples with Li loadings higher than 0.5 wt. % which can be assigned to decomposition of surface Li carbonates as determined by XRD. Thus, the area under this high-temperature peak was not taken into account for quantification of base site density. Results are shown in Table 2. The last column of Table 2 shows that the total density of base sites (nb) increased with increasing the Li content up to Table 2. Sample basicity determined by TPD of CO2 Catalyst



MgO Li/MgO-1 Li/MgO-2 Li/MgO-3 Li/MgO-4 Li/MgO-5



Weak (nOH) 0.5 0.8 1.1 1.8 0.5 0.7



Base Site Density (µmol/m2) Medium Strong (nMO) (nO) 1.8 1.5 2.4 2.3 2.8 4.6 3.0 6.4 2.1 5.7 0.9 5.5



Total (nb) 3.8 5.6 8.5 11.3 8.3 7.1
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0.5 wt. % Li (sample Li/MgO-3). This sample basicity increase with Li concentration may be explained by taking into account that the basicity of an oxide surface is related to the electrodonating properties of the combined oxygen anions, so that the higher the partial negative charge on the combined oxygen anions, the more basic the oxide. The oxygen partial negative charge (-qO) would reflect therefore the electron donor properties of the oxygen in single-component oxides. The -qO value of Li2O, as calculated from the electronegativity equalization principle (11), is 0.8 whereas that of MgO is 0.5 and therefore it is expected that surface promotion with more basic Li2O oxide will increase the basicity of MgO. Formation of strong base sites was particularly promoted by the addition of Li, so that the relative contribution of strong base site density (nO) to the total base site density increased with the Li content up to 0.5 wt. % Li, essentially at expenses of medium-strength base sites (nMO). Table 2 also shows that for Li concentration higher than 0.5 wt. % the base site density diminishes (samples Li/MgO-4 and Li/MgO-5), probably because of the formation of stable lithium carbonates of bulky planar structure that would block the surface Mg2+-O2- pairs that are predominant on unpromoted MgO (12). Samples of Table 2 were tested for the citral/acetone reaction. The reaction formed essentially pseudoionones and the selectivity to PS was higher than 96 % over all the catalysts during the 6 h catalytic tests. Figure 3 shows the evolution of the relative concentration of citral and the PS yield (ηPS) as a function of time on Li/MgO-2 and typically illustrates the catalytic behavior of the samples during the reaction. Citral concentration continuously decreases reaching almost complete conversion at the end of the evaluation test while ηPS value concomitantly increases up to more than 90%. 1.0
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In Figure 4 we have represented citral conversions (Xcit) as a function of tW/ n 0cit where W is the catalyst weight, t the reaction time, and n 0cit the initial moles
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Figure 4. Citral conversion as a function of parameter tW/ n 0cit of citral. The local slope of each curve in Fig. 4 gives the citral conversion rate at a specific value of citral conversion and reaction time. Thus, we determined the initial citral conversion rate on areal basis ( rcit0 , mol/hm2) by calculating the initial slopes in Fig. 4 according to: 0 rCit =



1 Sg



 dX Cit    0  d (tW / nCit )  tW / ncit0 = 0



0 Using a similar procedure, we determined the initial PS formation rate ( rPS ,mol/hm2) 0 from ηPS vs tW/ n 0cit curves (not shown here). The obtained rcit0 and rPS values for all 0 the catalysts are shown in Table 3. It is observed that rcit0 and rPS increase when small amounts of Li are added, reaching a maximum at ca. 0.5 wt. % Li (sample Li/MgO-3); then, the initial catalyst activity decreases for higher Li concentrations. A similar trend with the amount of Li on the catalyst was verified for the pseudoionone yield. In fact, in Fig. 5 we have represented the evolution of ηPS values obtained at the end of the catalytic runs as a function of % Li and it is clearly observed that ηPS depend on the Li content, reaching a maximum of 93 % for about 0.5 wt. % Li.



Catalytic results of Table 3 and Fig. 4 and 5 show that the addition of small



362



Synthesis of Pseudoionones



Table 3 Catalytic activity data obtained on Li-promoted MgO samples a Catalyst



MgO Li/MgO-1 Li/MgO-2 Li/MgO-3 Li/MgO-4 Li/MgO-5 a b



Initial citral conversion rate rcit0 (µmol/min m2)



Initial PS formation rate 0 rPS (µmol/min m2)



6.3 7.8 15.4 21.2 16.6 15.2



6.2 7.6 14.9 20.5 16.6 15.2



PS Yield b, ηPS (%) Cisisomer 49.2 48.5 51.5 51.1 47.6 32.7



Transisomer 32.5 36.7 39.8 41.9 40.9 25.5



At T = 353 K, n 0DMK = 0.8 moles, n 0cit = 0.016 moles, WCat.= 0.5 g At 6 h reaction time.



amounts of Li improve the MgO activity for the formation of pseudoionones; however, Li concentrations higher than about 0.5 wt. % are detrimental because cause the ηPS to decrease. In order to explain these results, and also in an attempt to relate the catalytic behavior of the samples with their surface base properties, we compared the catalyst activity data of Table 3 with the base site densities given in Table 2. We obtained a good correlation between the initial PS formation rate and the density of strong base sites (nO) as it is shown in Fig. 6. In contrast, a poor 0 correlation was found when rPS was plotted against the density of weak (nOH) or
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Li+ loading (wt. %) Figure 5. Effect of Li amount in Li/MgO samples on pseudoionone yield
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0 medium (nMO) strength basic sites. The observed proportionality between rPS and nO in Fig. 6 indicates that the rate-determining step in the reaction mechanism is effectively
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nO (µmol/m ) Figure 6. Initial PS formation rate as a function of the density of strong basic sites. controlled by the surface base strength of the sample. The reaction pathway to produce pseudoionone from the aldol condensation of citral with acetone involves the initial abstraction of the α-proton from acetone forming a carbanion that consecutively attacks the carbonyl group of the contiguously adsorbed citral molecule. Then, the resulting unstable intermediate dehydrates forming pseudoionone and regenerating an active site on the catalyst surface. In this mechanism, the function of weak Lewis acid sites (Mg2+ and Li+ cations) is to favor the adsorption of both reactants via their carbonyl groups. In general, the basis of any base-catalyzed aldol condensation is the abstraction of the αproton, the most acidic site of the acetone molecule, with a pKa of 20 (13). In this regard, it had to be noted that we have studied the liquid-phase self-condensation of acetone to produce diacetone alcohol using the catalysts of Table 2 (14), and observed that, similarly to the results reported in this work for acetone/citral reaction, the addition of small amounts of Li promotes the initial formation of diacetone alcohol. This result supports the assumption that the strong base sites of Li-doped MgO efficiently promote the abstraction of proton Hα from the acetone molecule that would be the rate-limiting step for the synthesis of pseudoionones via the citral/acetone aldol condensation. Finally, we remark that precisely because of its strong basicity, low coordination oxygen atoms O2- are very reactive and may reconvert to surface OH- in the presence of water formed during the pseudoionone synthesis (see reaction scheme 1). Recent reports confirm that the surface of metal oxides with basic character are often restructuring during the reaction (15). Thus, the formation of pseudoionones on Li-doped MgO may be accompanied by the gradual modification of the catalyst surface, by reconverting
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strong O2- basic sites to weak OH- basic groups. While it was not the intent of this work to ascertain the changes of active site nature during reaction, it is worthy of note that eventual changes on catalyst surface with reaction time would not affect the experimental results given in Table 3 and Fig. 6 that were obtained at initial reaction conditions.



Conclusions The addition of Li to MgO up to about 0.5 wt. % increases the surface density of low coordination oxygen anions that are the strongest base sites on these samples. Higher Li loadings cause the formation of separate Li2CO3 phases that block the surface base sites and thereby diminish the sample basicity. Li-doped MgO are active and selective catalysts for the formation of pseudoionones from aldol condensation of citral with acetone in liquid phase. The initial pseudoionone formation rate increases linearly with the surface density of strong base sites, showing that the ratedetermining step is preferentially promoted by low coordination oxygen anions.
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The One-Step Synthesis of MIBK via Catalytic Distillation: A Preliminary Pilot Scale Study William K. O’Keefe, Ming Jiang, Flora T. T. Ng and Garry L. Rempel The University of Waterloo, Department of Chemical Engineering, 200 University Avenue West, Waterloo, Ontario, Canada. N2L 3G1 [email protected]



Abstract This paper reports the results of a preliminary pilot scale study in which MIBK was successfully produced in a single catalytic distillation reactor utilizing two separate catalytic reaction zones. The MIBK productivity was relatively low, primarily due to hydrogenation catalyst deactivation and the relatively low hydrogen partial pressures in this experiment. However, the experimental results are insightful and elucidate the immediate challenges that must be addressed in this ongoing process development. Specifically, improved catalyst performance is required. Catalyst characterization via DRIFT spectroscopy indicates that the ketone group of MIBK is strongly adsorbed on the commercial Pd/alumina hydrogenation catalyst used in this study. Introduction Methyl isobutyl ketone (MIBK) is undoubtedly the most valuable derivative of acetone. It is used primarily as an industrial solvent in the paint and coating industry as well as in metallurgical and solvent extraction processes. It is also used as a precursor in the production of specialty chemicals including rubber antioxidants, surfactants and pesticides. The synthesis of MIBK involves three major reaction steps outlined in Figure 1. First acetone is dimerized through an aldol condensation reaction to produce diacetone alcohol (DAA). Second, the dehydration of DAA gives mesityl oxide and water. Third, the olefin group of mesityl oxide is selectively hydrogenated to produce MIBK. O H3CCCH3 (acetone)



O OH H3CCCH2C(CH3)2 (DAA)



- H 2O



O H3CCCH (MO)



C



CH3 CH3



+ H2



O H3CCCH2CH2(CH3)2 (MIBK)



Figure 1. Major reaction steps in the synthesis of MIBK from acetone Due to its industrial importance, this organic synthesis has been studied extensively in both the liquid and gas phases. The acid catalyzed mechanism to
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produce mesityl oxide from acetone is well understood (1). Recently, we have proposed a novel mechanism for the hydrogenation of mesityl oxide (2). Since mesityl oxide is an α,β-unsaturated ketone with conjugated olefin and ketone groups, both functional groups may interact with the heterogeneous catalyst and as a consequence, mesityl oxide may coordinate with the catalyst in one of several possible adsorption modes. The adsorption mode of the substrate is of particular importance since it will not only determine the selectivity and activity of the hydrogenation reaction but may also constrain the possible reaction pathways and thus strongly influence the reaction mechanism (3). We have proposed that mesityl oxide will exist on a Pd/Al2O3 catalyst as an η4 diadsorbed species if adjacent sites are available, with the olefin group forming an η2π(C,C) complex and the ketone group forming an η2π(C,O) complex (2). Mesityl oxide adsorbed at a single site will act as an inert as a consequence of the preferential adsorption via the ketone group, which interacts strongly with the catalyst (2). In this adsorption mode, the mesityl oxide is not hydrogenated since the chemisorption of the olefin group is required for its hydrogenation (3). The need for an efficient one-step process for MIBK production is of heightened importance today in this era of rising energy costs and increased environmental regulation and presents an excellent opportunity for the application of catalytic distillation (CD) technology (4). The CD reactor combines catalytic reaction and separation in a single distillation column. As a consequence of this process intensification, a reduction in operating and capital expenditures may be realized (5). Within a CD reactor, heterogeneous catalyst is immobilized within one or more discrete reaction zones while liquid and vapour pass through the reactor in a counter current fashion. The continuous product removal from the reaction zone due to the distillation action shifts the reaction in favour of product formation in accordance with Le Chatelier’s Principle resulting in product yields much greater than the theoretical equilibrium conversion would allow. Since the reaction occurs in a boiling medium, excellent temperature control is achieved which is often critical in organic synthesis, and mitigates hot spot formation (5). In addition, since heat transfer is maximized in a boiling medium, the energy evolved from the exothermic reaction is efficiently converted to drive the distillation process, which could lead to substantial energy savings and a reduction of CO2 emissions from power production facilities (5). CD is a promising reactor technology for the MIBK synthesis since the first two reaction steps, particularly the aldol condensation of acetone, are known to be equilibrium limited and the overall synthesis is complex (4). Patents on the application of CD for the synthesis of MIBK have appeared (6,7). However, there is no experimental data reported on the one step synthesis of MIBK carried out in a CD pilot plant operating in a continuous mode. The CD process for MIBK synthesis offers the flexibility of either carrying out the reaction in a single zone using a multifunctional catalyst or in separate optimized reaction zones (4). In the former configuration, it may be possible to avert undesirable parallel reactions for which mesityl oxide is a precursor (Figure 2) by rapidly hydrogenating mesityl oxide to produce MIBK. However, for this approach to succeed, hydrogen must not be the limiting reagent at the active sites.
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Figure 2. Undesirable consecutive reactions in the synthesis of MIBK The latter approach affords greater flexibility allowing the catalyst and reaction zones to be designed and optimized independently for each reaction step. In this configuration, it is possible to design the hydrogenation catalyst in a manner to protect the active sites and facilitate hydrogen transport. Previously, we have developed a CD process for the production of DAA from acetone (8). A CD process for the one step synthesis of MIBK appears to be a simple extension of this DAA process. However, the introduction of hydrogen to this system opens up numerous possible reaction pathways. Most noteworthy is the hydrogenation of acetone to produce 2-propanol, which is a significant competing reaction for the expected CD process conditions (2,4). In this work, the results of a preliminary pilot scale investigation of the one step synthesis of MIBK in a CD pilot plant operating in a continuous mode utilizing two commercial catalysts in separate reaction zones is reported. The objective was to obtain a cursory assessment of the process by investigating the effects of the reaction temperature as well as the hydrogen and acetone feed rates on the MIBK yield and selectivity and to establish the technical feasibility of a CD process for MIBK synthesis utilizing two separate reaction zones.
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Experimental Section The pilot scale experiments were carried out in a CD column 23 ft (7 m) tall with a total packing height of 16 ft (4.9 m) and a 1” (2.54 cm) nominal I.D. The column is made of 316 SS and consists of 5 sections that are connected by flanges. Two 2 ft (0.6 m) sections located above a 9 ft (2.7 m) stripping section and below a 3 ft (0.9 m) rectification section, were used as the reaction zones, which contained the catalyst. The non-reactive sections were filled with ¼ inch (0.64 cm) Intalox saddles. In the first experiment for which mesityl oxide was synthesized from acetone, the two sections were filled with 130 mL of Amberlyst-15, that had been swelled in 2propanol for 24 hours, in wire mesh bundles. In the second experiment in which MIBK was synthesized from acetone, the top section and the top half of the bottom section contained 135.0 mL of Amberlyst-15 in wire mesh bundles that had been swelled in acetone for over 24 hours. The bottom half of the bottom section, immediately below the Amberlyst 15, was filled with 50.1 g of a commercial Pd/Al2O3 catalyst (Aldrich 20,574-5). The hydrogenation catalyst was reduced ex situ in hydrogen at 350°C for 3 hours and was transferred to the CD column under a nitrogen blanket. The CD column was operated in continuous mode with 100% of the overhead product being refluxed to the column and a reboiler product stream was continuously removed from the bottom of the column through a control valve. ACS reagent grade acetone (Aldrich 67-64-1, >99.5%) was fed continuously to the CD column at a feed port approximately 6 in. (15 cm) below the bottom of the reaction zone using a Milton-Roy LCD mini pump. The reboiler product stream mass flow rate was matched the acetone feed stream by maintaining a constant liquid level in the reboiler. In the first experiment, nitrogen was fed to the CD column to promote the convective transport of matter and energy up the column. In the second experiment, UHP Hydrogen was fed continuously to the bottom of the CD column using a Brooks 5850E mass flow controller (MFC) instead of nitrogen. Liquid samples were obtained from the reboiler product on an hourly basis and the average reboiler composition for the previous hour was ascertained by GC/FID using an Agilent Technologies 6890N gas chromatograph equipped a 7683 Series autosampler injector and a J&W Scientific DB-WAX column (30m X 0.53mm I.D. X 1mm film thickness). Certified 1-Propanol (Fisher A414-500 >0.998) was used as an internal standard. Data was acquired continuously from the CD column including the column temperature profile measured at 16 thermocouple locations along the column major axis, the column pressure and the pressure drop across the column in addition to the hourly reboiler product composition. Since the reaction zones are short relative to the total column height, the thermal profiles along the reaction zones were isothermal during steady state operation. Steady state was defined as the condition where the CD column temperature profile remained invariant to within ± 0.5 °C and the mass fraction of species in the reboiler product remained constant to within a maximum relative change of ± 5%. Once steady state had been achieved, the steady state condition was maintained from 5 to 10 hours depending on the process variability, during which time, sufficient observations were made under steady state
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conditions to provide narrow 95% confidence intervals and hence precise estimates of the reboiler product composition. For example, the reboiler composition corresponding to the second condition in Table 1 was based on 6 steady state observations. The resultant 95% confidence intervals for the mesityl oxide and DAA mass fractions for this entry correspond to relative errors of 1.44 and 1.73 % respectively. The hydrogenation catalyst activity was tested before and after the CD experiment in a 300 mL Parr 4560 series microreactor with a Parr 4842 PID controller. Liquid samples were obtained periodically through a dip-tube with a custom made external heat exchanger and analyzed by GC/FID. The hydrogenation catalyst was characterized by Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy. The adsorption properties of MIBK, mesityl oxide, acetone and carbon monoxide probe molecules on the Pd/Al2O3 catalyst were investigated using an Excalibur Bio-Rad FTIR spectrometer equipped with an MCT detector. The heat treatment and reduction of the catalyst as well as the adsorption and desorption of probe molecules were investigated in situ in a high temperature IR cell equipped with a ZnS dome while DRIFT spectra were recorded in 10s intervals. Results and Discussion Pilot Scale CD Experiments In the first experiment, Amberlyst-15, a strongly acidic cation exchange resin, was used as a catalyst to synthesize mesityl oxide, the precursor of MIBK, from acetone without hydrogenation. The effects of acetone feed rate, reboiler duty and reaction temperature on the mesityl oxide productivity and product distribution were investigated. Preliminary results of this experiment are outlined in Table 1. Table 1. The effects of reaction temperature, acetone feed rate and reboiler duty on the mesityl oxide productivity and product distribution for the first CD experiment Acetone Feed Rate [mL/hr]



Reaction Temp [°C]



Reboiler Duty [Watts]



Acetone Conv. [%]



MO Productivity [g/hr*mL cat]



MO [wt%]



DAA [wt%]



Higher Mwt [%]



152 152 152 37



114 114 101 99



300 350 350 350



26.2 26.7 29.0 >99.9



.1418 .1601 .1788 .1413



19.0 18.6 19.5 78.2a



1.31 1.81 3.73 14.2



1.72 0.89 0.24 0.95



a



Last condition is a preliminary result. Process had not yet achieved steady state after 24 hours. Two phases present, composition for organic phase is reported It was found that the mesityl oxide productivity was a strong function of the reflux flow rate in the CD column, which suggests the reaction is controlled by the rate of external mass transfer. It is also evident from Table I that acetone conversions as high as essentially 100% can be achieved with the mesityl oxide concentration in the



370



MIBK Synthesis via CD



reboiler product reaching as high as 78 wt%. This is particularly noteworthy since the syntheses of DAA and mesityl oxide are strongly equilibrium limited reactions. The selectivity to mesityl oxide remained within a narrow range from 85 to 90%. Evidently, conditions that resulted in a higher conversion of DAA also resulted in an increased rate of production of undesirable higher molecular weight products including mesitlyene, phorone and isophorone. Similarly, the conditions for which these undesirable consecutive reactions were averted resulted in a greater amount of unreacted DAA remaining in the system. A major finding was that the undesirable consecutive reactions from mesityl oxide could be mitigated while simultaneously increasing mesityl oxide productivity by increasing the liquid reflux flow rate in the CD column. Note the effect of increasing the reboiler duty from 300 to 350 W at 114°C. This shows that CD technology allows improved selectivity to a desired intermediate by the rapid removal of the desired product from the reaction zone. In the second CD experiment, MIBK was successfully produced from acetone in a single stage. However, the MIBK yield was relatively low in this experiment. For example, when hydrogen was introduced into the CD reactor at 60 L/hr (STP) with a reboiler duty of 350 W and a reaction temperature of 119°C, the MIBK productivity was 0.10 [gMIBK/(hr*gcat)]. The MIBK productivity was calculated from an average MIBK concentration in the reboiler product of 3.98 ± 0.031 wt% based on 11 measurements over a 10 hour period of steady state operation. The mesityl oxide conversion was 15.1% and the hydrogen utilization was less than 2%. The hydrogenation of acetone to produce 2-propanol was the only significant competing hydrogenation reaction and the selectivity of the hydrogenation was 84.4% for the conditions described above. It is evident that the hydrogenation of mesityl oxide to produce MIBK is currently the limiting step of this CD process. It should also be noted that the locations and catalyst amounts for the reaction zones were not optimized for this preliminary experiment. Although the MIBK productivity was comparable to the data reported by Lawson and Nkosi (6), there was evidence of significant hydrogenation catalyst deactivation. At the end of the experiment, the hydrogenation catalyst was recovered from the reactor under a nitrogen blanket and protected in solvent. Its activity for mesityl oxide hydrogenation was subsequently tested in an autoclave and was found to have an activity of 0.302 relative to the fresh catalyst. Spectroscopic data presented in the next section suggests that the strong adsorption of MIBK may have had a detrimental effect on the long-term performance of the catalyst in the CD reactor. The operating pressure for this experiment was constrained to less than 0.6 MPa due to the poor thermal stability of Amberlyst 15, which has a maximum operating temperature of 120°C. Consequently, a low MIBK yield was expected due to the relatively low hydrogen partial pressure in this experiment. Catalyst Characterization via DRIFT Spectroscopy The commercial Pd/Al2O3 catalyst used in this pilot scale study was characterized via DRIFT spectroscopy. In situ DRIFT spectra of carbon monoxide, MIBK, acetone
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and mesityl oxide probe molecules were obtained to ascertain their adsorption properties. The adsorption DRIFT spectra at ambient temperature of carbon monoxide probe molecules on the Pd/Al2O3 catalyst, which was pre-reduced in hydrogen for 1h at 120°C, are illustrated in Figure 3. The band at 2075 cm-1 corresponds to linearly adsorbed carbon monoxide. The bands at 1977 and 1916 cm-1 correspond to bridged and multibridged carbon monoxide, respectively. The doublet bands at 2173 cm-1 and 2119 cm-1 correspond to gaseous carbon monoxide over the catalyst. The existence of linear and bridged carbon monoxide not only confirms the existence of Pd0 but is also indicative of the metal crystallite structure since the bridged species requires larger crystallite sizes while the linearly adsorbed carbon monoxide is characteristic of smaller more highly dispersed crystallites. Moreover, the prevalence of bridged and multibridged carbon monoxide in the specimen of Figure 3 indicates the existence of adjacent sites, which may facilitate the diadsorption of mesityl oxide, as we have previously proposed (2). Additional experiments in which the catalyst was reduced in situ over various temperatures prior to carbon monoxide adsorption revealed that the crystallites became increasingly aggregated with increasing reduction temperature up to 250°C, beyond which no morphological change was observed.
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Figure 3 DRIFT spectra of carbon monoxide probe molecule pulse adsorbed on a commercial Pd/Al2O3 catalyst reduced in H2 for 1h at 120°C (spectra were recorded in 10 sec interval after pulse).
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wavenumber (cm) ) The hydrogenation of mesityl oxide over the commercial Pd/Al2O3 catalyst was carried out in situ in the FTIR cell and was found to be facile proceeding readily at ambient temperature as illustrated in Figure 3. The spectra in the top half of Figure 4 correspond to mesityl oxide pulse adsorbed onto the catalyst. The bands at 1677 and 1610 cm-1 correspond to the carbonyl and olefin groups respectively. Note that as hydrogen is pulsed into the IR cell as illustrated in the bottom half of Figure 3, the band corresponding to the olefin group of mesityl oxide begins to disappear and the band corresponding to the ketone group begins to shift from 1677 to 1700 cm-1, characteristic of the ketone group of MIBK, indicating that the C=C species in mesityl oxide is easy to hydrogenate. Note that MIBK and mesityl oxide are further distinguished by their characteristic CHx stretching vibrations as shown in Figure 3.
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In MIBK, the asymmetric and symmetric bands of ν(CH3) at 2960 and 2875 cm-1 become much stronger than those of the ν(CH2) due to the saturation of the C=C bond.
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Figure 4 (right) DRIFT adsorption spectra of mesityl oxide pulse adsorbed at 25°C on Pd/Al2O3 catalyst pre-reduced in H2 for 1h at 120°C recorded in a time interval of 10 sec (bottom) in situ hydrogenation of mesityl oxide at 25°C as purged by H2 recorded in a time interval of 10 sec.
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Figure 5 Left: DRIFT spectra of MIBK pulse adsorbed on Pd/Al2O3 recorded in 10 sec intervals Right: DRIFT desorption spectra of MIBK as temperature is increased to 200°C.
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The DRIFT spectra of MIBK are illustrated on the left side of Figure 5, as MIBK is pulse adsorbed onto the Pd/Al2O3 catalyst. The MIBK desorption DRIFT
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spectra are illustrated on the right side of Figure 5 as the temperature is increased from ambient temperature to 200°C in discrete increments. Note that even at 200°C, the band intensities characteristic of adsorbed MIBK are evident indicating a strong interaction between MIBK and the Pd/Al2O3 catalyst. Similar experiments were carried out for acetone and mesityl oxide pulse adsorbed on the Pd/Al2O3 catalyst. The desorption spectra for acetone on Pd/Al2O3 catalyst is given in Figure 6. 300
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wavenumber (cm ) Figure 6 DRIFT desorption spectraof acetone of acetone on on Pd/Al O during reduced heating from Figure 10. Desorption spectra adsorbed Pd/Al 2O 2 33 o o 25°C to 250°C atin25°C increments. The catalyst was first reduced in H2 at 120°C H2 at 120 C for 1.5 h after purged in He at 25 C for 1 h for 1.5 h and purged in He for 1h at 25°C Th e ketone group in acetone also strongly interacts with the catalysts. When The ketone group in acetone also interacts strongly with the catalysts. When mesityl oxide adsorbed on the catalysts was subjected to thermal desorption in helium, it can be converted to MIBK, most probably, due to the hydrogenation of C=C by the residual hydrogen from the pre-treatment of the catalysts with hydrogen. Therefore, mesityl oxide adsorbed on the catalysts is not stable and the strongly adsorbed species are ketone groups. Previous experiments in which HPLC grade MIBK was intentionally added to a mixture of mesityl oxide and acetone did not indicate product inhibition had occurred during the hydrogenations carried out in an autoclave (3). However, it is possible that the strong adsorption of MIBK may have affected the long-term catalyst performance in the CD reactor. DRIFT experiments with MIBK on alumina alone without Pd resulted in essentially the same spectra as that obtained with Pd/Al2O3. Therefore the DRIFT spectra could not provide an interpretation of the mechanisms of the reaction. However, the DRIFT data suggest a strong interaction of ketone group of MIBK with the Lewis acid sites of the alumina support.
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Conclusions MIBK has been produced successfully in a single CD reactor utilizing two different catalytic reaction zones. Although the MIBK productivity was comparable to the data presented by Lawson and Nkosi (6) utilizing a single catalytic reaction zone, there was experimental evidence of significant deactivation of the hydrogenation catalyst. The activity of the catalyst recovered from the CD column was tested by the hydrogenation of mesityl oxide in an autoclave and showed an activity of 0.302 relative to fresh catalyst. DRIFT desorption spectra shows that MIBK adsorbs strongly on the Pd/Al2O3 catalyst, which may have influenced its long-term performance in the pilot scale reactor. It is likely that the ketone group of MIBK interacts strongly with the Lewis acid sites of the alumina support. The hydrogenation of acetone to produce 2-propanol was the only significant competing reaction with hydrogenation selectivity to MIBK ranging from 84 to 95%. It is evident that improved catalyst performance is required. Specifically, a stable and active hydrogenation catalyst is needed. Moreover, the poor thermal stability of Amberlyst 15 constrains the CD process to less than 0.6 MPa. The low partial pressure of hydrogen in this experiment contributed to the relatively low MIBK yield. Therefore, an improved solid acid catalyst with greater thermal stability is required for mesityl oxide synthesis at higher operating temperatures and pressures. Acknowledgements Funding for this project provided by the Natural Sciences and Engineering Research Council (NSERC) of Canada and financial support provided to W.K O’Keefe from the Province of Ontario, Ministry of Training Colleges and Students, in the form of an Ontario Graduate Scholarship, is gratefully acknowledged. References L. Melo, P. Magnoux,, G. Giannetto, F. Alvarez, and M. Guisnet, J. Mol. Catal. A., 124, pp.155-161, (1997). 2. W. K. O’Keefe, M. Jiang, F.T.T. Ng and G. L. Rempel, Chem. Eng. Sci., 60, pp. 5131-4140, (2005). 3. F. Delbecq and P. Sautet, J. Catal. 152, pp. 217-236, (1995). 4. W. K. O’Keefe, M. Jiang, F. T .T. Ng and G. L. Rempel, (Cat. Org. React.), Ed. J. R. Sowa, (CRC Press, Taylor and Francis), pp. 261-266, (2005). 5. F.T.T. Ng and G.L. Rempel, “Catalytic Distillation”, in the Encyclopedia of Catalysis, (John Wiley), (2003), pp. 477-509. 6. H. Lawson and B. Nkosi, U.S. Patent, 6,008,416 to Catalytic Distillation Technologies, Pasadena, TX., (1999). 7. N, Saayman, G.J. Lund and S. Kindemans, U.S. Patent, 6,518,462 to Catalytic Distillation Technologies, Pasadena, TX, (2003) 8. G. G. Podrebarac, F. T. T. Ng and G. L. Rempel, Chem. Eng. Sci., 53(5), pp. 1067-1075 (1998).
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Producing Polyurethane Foam from Natural Oil



Aaron Sanders, David Babb, Robbyn Prange, Mark Sonnenschein, Van Delk, Chris Derstine and Kurt Olson The Dow Chemical Company, 2301 N Brazosport Blvd., Freeport, TX, 77541 [email protected] Abstract As part of the effort to reduce our dependence on fossil fuels, The Dow Chemical Company has been developing a seed oil based polyol to be used as a replacement to conventional petrochemical based polyether polyols in the production of flexible polyurethane foam. The general process for making natural oil polyols consists of four steps. In the first step, a vegetable oil (triglyceride) is transesterified with methanol, liberating glycerin, and forming fatty acid methyl esters or FAMEs. In the second step the FAMEs are hydroformylated giving a complex mixture of FAMEs that contain 0-3 formyl groups per chain. In the third step, the aldehydes and the remaining unsaturates are hydrogenated to yield a mixture of FAMEs that contain 0-3 hydroxymethyl groups. Finally, the poly(hydroxymethyl)fatty esters are transesterified onto a suitable initiator to produce the natural oil polyol. Introduction The preparation of polyester polyols from seed oils for the production of a variety of polyurethane products has been previously reported (1,2). The development of process and product technology that is sufficiently robust to compensate for inherent variability in products derived from natural resources is key to successful implementation. Product variability is primarily due to genetic variety in feedstocks and seasonal inconsistency, such as regional rainfall totals or pests and disease. Process technology that may be applied to a wide variety of potential feedstocks would be highly desirable. Dow’s process for producing natural oil polyols consists of four steps and is shown in Figure 1. In the first step, a vegetable oil (triglyceride) is transesterified with methanol, liberating glycerin and forming fatty acid methyl esters (FAMEs). In the second step the FAMEs are hydroformylated to create a complex mixture of FAMEs that contain 0-3 formyl groups per chain. In the third step, the aldehydes and the remaining unsaturation are hydrogenated to yield a mixture of FAMEs that contain 0-3 hydroxymethyl groups. In the final step the poly(hydroxymethyl)fatty esters are transesterified onto a suitable initiator to produce the natural oil polyol. This paper will review the process, emphasizing the catalysts employed in each step.
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Figure 1. Process for producing natural oil polyols Results and Discussion The composition of seed oil triglycerides is well understood. Triglycerides are fatty acid esters of glycerin, and the composition depends on the source of the oil (Figure 2). The nomenclature used is standard in the fats and oils industry, with the number of carbons in the fatty acid indicated first, followed by the number of sites of unsaturation in parentheses.
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For the purposes of making polyols from these triglycerides, oils which contain a high level of unsaturation are desirable. Oils such as soy, canola, and sunflower are acceptable due to relatively low levels of saturated fatty acids, while feedstocks such as palm oil are considered unusable without further purification or refinement due to high levels of saturated fatty acids. Table 1 outlines the composition of several oils (3). Table 1. Fatty acid content of selected vegetable oils in weight percent Palmitic – C16(0) Stearic - C18(0) Oleic - C18(1) Linoleic – C18(2) Linolenic – C18(3)



Soybean 11 4 22 53 8



Sunflower 6 5 20 69 0



Canola 4 2 56 26 10



Palm 44 4 40 10 0



Methanolysis The transesterification of triglycerides with methanol is a simple and straightforward process. It is commercially practiced worldwide in the production of FAMEs, which have become popular as a replacement for diesel known as “biodiesel”. The process consists of three separate equilibrium reactions that can be catalyzed by both acids and bases.(4) The overall process is described in Figure 3. Phase separation of the glycerin is the predominant driving force for this process.
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Figure 3. The methanolysis of triglycerides is an equilibrium reaction which is generally base catalyzed commercially Industrial processes tend to favor base catalysis, since they have lower activation energies allowing the reactions to be carried out near or just above room temperature (5). Further, the carbonate or caustic bases are relatively inexpensive and easily separated with the glycerin product. Hydroformylation The important criteria for catalyst selection in the hydroformylation of FAMEs are activity, stability and catalyst-product separation. For this process, the feed is
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composed of a mixture of internal olefins. The differences in the placement of a hydroxymethyl group on the 9 vs 10 position has little impact on the polyol product. The rhodium catalyst currently used for this step utilizes a monosulfonated phosphine ligand, dissolved N-methyl-2-pyrrolidinone (NMP).(6) This catalyst system has shown adequate activity and stability. More importantly, it enables product-catalyst phase separation.(7) Each olefin component in the feed behaves somewhat differently during the course of hydroformylation. For the hydroformylation of methyl linoleate (shown in Figure 4) the reaction of olefin at the 9,10 or 12,13 positions occur at a similar rate (k1). The hydroformylation rate (k2) of the remaining olefin, however, is generally slower. O
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Figure 4. Hydroformylation products of methyl linoleate (excluding isomers) Hydrogenation After hydroformylation, the resulting mixture of saturates, unsaturates, and aldehydes, are hydrogenated over a fixed-bed commercial hydrogenation catalyst. Unreacted olefins are converted to saturates, and aldehydes are converted to the
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corresponding alcohol. Thus the hydroformylation product that contains a large number of components is converted to a simple mixture of saturated and hydroxy fatty esters. Since the apparent hydrogenation rate of the olefins is faster than the hydrogenation of the aldehydes, there is virtually no unreacted olefin in the final product. Polymerization The final step in the formation of the polyol is the reverse of the methanolysis step, however, the alcohol used is not limited to glycerin. Almost any alcohol can be used as the “initiator” in what might better be termed an oligomerization. Like the methanolysis, this reaction is an equilibrium and can be catalyzed by both acids and bases. The primary difference is that the methanolysis reaction is generally driven by the phase separation of the glycerin, while the polymerization is driven by removal of methanol (Figure 5).
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Figure 5. Transesterification of a hyroxymethylated fatty ester with a polyfunctional alcohol The methanolysis catalyst is generally a base such as potassium carbonate, since the base catalyzed transesterification is generally lower in energy(5). For the transesterification of the hydroxymethylated fatty esters, however, a Lewis acid (stannous 2-ethylhexanoate) is employed. Although this catalyst requires higher temperatures to achieve rapid equilibrium, it has the benefit of not requiring removal
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from the final product. Stannous 2-ethylhexanoate is easily hydrolyzed with water, yielding an oxide that is inactive for both transesterifaction and urethane reactions (8). Although carbonate is less expensive and is a better catalyst for this reaction than the tin catalyst, the necessity of removing the residual salts from the product makes the carbonate process less attractive overall. Polyurethane Foam The polyurethane reaction that creates the foam is actually a balance of two separate reactions: blowing and gelling (Figure 6) (9). The blowing reaction takes place when water reacts with the isocyanate forming isocyanuric acid, which immediately decomposes to the amine and CO2. The generation of CO2 creates bubbles which continue to grow as more CO2 is formed. Simultaneously, the gelling reaction is producing the polymer network that constitutes the foam cells and struts. In this reaction, the polyol or amine from the blowing reaction reacts with isocyanate to create a urethane or urea bond respectively.
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O Figure 6. Polyurethane blowing and gelling reactions The literature in this area is quite extensive, and summarizing it is beyond the scope of this discussion, however it must be pointed out that producing a usable
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polyurethane foam is not independent of the polyol. The gelling and blowing reactions must be balanced through the use of appropriate catalysts to achieve a “good” foam structure. The micrographs shown in Figure 7 illustrate the point. The foams were produced using the same natural oil polyol. The foam on the left is consistent with a good cellular structure, characterized by uniform well drained, opened cells. This type of cellular structure was obtained by balancing the blowing and gelling reaction to generate the optimal foam physical properties. Foams produced with imbalanced blowing and gelling reactions, shown on the right, form a cellular structure that consists of non-uniform, partially drained cells, and often possess undesirable physical properties.



Figure 7. Foams prepared using natural oil polyols with well balanced catalysis (left) and unbalanced catalysis (right) Experimental Below are example or general procedures for each step of the process (patents pending see references 1f, 6 and 7). Hydroformylation: A catalyst solution consisting of dicarbonylacetylacetonato rhodium (I) (0.063 g) and dicyclohexyl-(3-sulfonoylphenyl)phosphine mono sodium salt (1.10 g) in n-methyl pyrrolidinone (NMP) (16.0 g) was placed in a 100 mL stainless steel autoclave at 75 C under 200 psig synthesis gas. After 15 minutes soy methyl esters (34.05 g) were added and the synthesis gas pressure raised and maintained at 400 psig for 3 hrs resulting in the desired conversion of unsaturation. Hydrogenation: To an up-flow tubular reactor packed with a supported Ni catalyst were fed a liquid stream comprised of 3.52 g/min of hydroformylated soy methyl ester and a recycle stream of 16.5 g/min (total liquid hourly space velocity of 3.65 hr1 ). Hydrogen was fed at 2000 sccm, at 159 ºC and a reactor outlet pressure of 459, yielding the desired conversion of residual unsaturation and aldehydes. Polymerization: To a 5 liter glass reactor was added hydroxymethylated fatty esters and 625 molecular weight poly(ethylene oxide) triol initiator in a ~6:1 molar ratio.
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The reactor was purged with nitrogen and heated to 50 ºC under 20 torr vacuum. The vacuum was broken and 500 ppm of stannous octoate catalyst obtained from City Chemical was added. The methanol was stripped under 20 torr vacuum at 195 ºC for 4-6 hours yielding a viscous light yellow natural oil polyol with an equivalent weight of 660. Polyurethane foam: Natural oil polyol, water, and surfactants were weighed into a 1 quart metal cup and premixed for 15 seconds at 1800 rpm using a pin type mixer. The catalyst was added and the mixture stirred an additional 15 seconds at 1800 rpm. The polyisocyanate was then added and the mixture stirred at 2400 rpm for 3 seconds and immediately transferred to a 15” x 15” x 10” wooden box lined with a polyethylene bag. The buns were allowed to cure overnight before testing. References 1.
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Carbonylation of Chloropinacolone: A Greener Path to Commercially Useful Methyl Pivaloylacetate Joseph R. Zoeller and Theresa Barnette Eastman Chemical Company, P.O. Box 1972, Kingsport, TN 37662 [email protected]



Abstract Palladium catalyzed carbonylation of α-chloropinacolone (1) in the presence of methanol and tributyl amine provides a more efficient and environmentally sound process for the generation of methyl pivaloylacetate (2). After optimization, the preferred catalyst, [(cyclohexyl)3P]2PdCl2, can be used to generate methyl pivaloylacetate under mild conditions (5-10 atm, 120-130°C) with extremely high turnover frequencies (>3400 mol MPA/mol Pd/h) and very high total turnover numbers (>10,000 mol MPA/mol Pd). The process requires very little excess amine or methanol and uses no extraneous reaction solvents. Further, extraction solvents are minimized or eliminated since the product spontaneously separates from the liquid tributylamine hydrochloride. The tributylamine can be readily recycled upon neutralization and azeotropic drying. A part of this study includes the first demonstrated use of a Pd-carbene complex as a carbonylation catalyst. Introduction Methyl pivaloylacetate (2) (methyl 4,4-dimethyl-3-oxo-pentanoate, MPA) is useful intermediate in the production of materials used in photographic and xerographic processes (1-6). However, current methods entail environmentally challenging methodology. For example, current best methodology produces methyl pivaloylacetate (MPA) in yields of 65-85% via a condensation of dimethyl carbonate (DMC) with a 3-5 fold excess of pinacolone in the presence of 1.5-2 fold excess of a strong base such as sodium methoxide or sodium hydride (1-3, 7-12). Unfortunately, in addition to using large excesses of reagents, these processes also utilize difficult to separate and environmentally challenging polar aprotic solvents such as a tertiary amides, sulfoxides, or hexaalkyl phosphoramides. The best alternative processes involve the addition of a dimethyl malonate or methyl aceotacetate salt, normally as the Mg salt, to a solution of pivaloyl chloride and excess tertiary amine in ethereal or chlorinated solvents (4-6, 13-16). Unfortunately, these alternative processes (i) use more expensive reagents while demonstrating no improvements in yield, (ii) require excess reagents which must be removed and recycled, (iii) generate a co-product (dimethyl carbonate or methyl acetate) and (iv) generate large Mg and amine waste streams.
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A process which offers the opportunity to reduce the waste and eliminate the use of hazardous solvents is the carbonylation of the commercially available αchloropinacolone (1) (1-chloro-3,3-dimethyl-2-butanone). (See Reaction [1].) Unfortunately, earlier experience with the (Ph3P)3PdCl2 catalyzed carbonylation of α-bromopinacolone was not encouraging. (17) Consistent with the previously reported carbonylation of α-bromoacetophenone (18), the carbonylation of αbromopinacolone gave low yields (64%) while demonstrating limited turnover numbers (10 wt.% methyl pivaloylacetate and was achieved in relatively short reaction times. These objectives would need to be met despite addressing a more sterically challenging α-chloropinacolone substrate. This report will describe the realization of these goals by proper selection of the catalyst and operating conditions, which ultimately led to a process with exceptional turnover numbers (TON>10,000) and exceptional reactor productivities (product concentrations >25 wt% in 3 hrs). Further, the process ultimately requires little or no solvent while generating a benign NaCl waste stream. Results and Discussion Catalyst Screening
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The first step in achieving the desired increase in turnover number and concentration was to optimize the catalyst choice. The earlier investigation of chloroacetone carbonylations was restricted to a description of (Ph3P)2PdCl2 operating at 110°C and 10 atm (19, 20) under fairly dilute conditions. Based on analogy to the earlier literature, the only anticipated problem was loss of selectivity due to reductive dehalogenation of chloropinacolone to pinacolone (PA). A number of catalysts, including complexes of Ru, Rh, Co, Ir and Pd, were tested for activity in this study. However, only Pd demonstrated any significant activity. A summary of the results with Pd catalysts in the screening process is summarized in Table 1. Table 1. Screening Pd Catalysts for the Carbonylation of α-Chloropinacolone.a Selectivity Catalyst Conversion MPA b PA b TON b (Ph3P)2PdCl2 59% 84% 8% 417 (cy-hex3P)2PdCl2 82% 95% 2% 656 (2-pyridyl)PPh2:PdCl2 (2:1) 55% 81% 4% 378 (o-toluyl)3P:PdCl2 (2:1) 13% 0% 4% 0 (Me2Im)2PdCl2 b 61% 76% 11% 390 (Ms2Im)2PdCl2 b,c 71% 95% 3% 443 Ph2P(CH2)2PPh2:PdCl2 (1:1) 18% 5% 10% 8 Ph2P(CH2)3PPh2:PdCl2 (1:1) 23% 5% 16% 9 Ph2P(CH2)4PPh2:PdCl2 (1:1) 28% 8% 17% 18 Ph2P(CH2)4PPh2:PdCl2 (2:1) 47% 3% 26% 10 Ph2P(CH2)4PPh2:PdCl2 (1:1) 19% 0% 22% 0 (tert-Bu)3P:PdCl2 (4:1) 18% 3% 41% 5 (Ph3P):(Ph3P)2PdCl2 (2:1) 57% 84% 3% 405 (P/Pd= 4) 14 (cy-hex3P):(cy-hex3P)2PdCl2 79% 90% 2% 591 (2:1) (P/Pd = 4) 15 (Ph3P)2PdCl2 d 49% 88% 7% 434 16 (cy-hex3P)2PdCl2d 72% 91% 2% 650 17 (Ph3P)2PdCl2 e 75% 73% 9% 562 18 (cy-hex3P)2PdCl2 e 98% 91% 2% 884 a Conditions (unless otherwise noted): 11.0 mL (83.8 mmol) chloropinacolone, 30.0 mL (0.126 mol) n-Bu3N, 110 mL MeOH, 0.1mmol Pd, 5.4 atm CO, 105°C, 3 h b Abbreviations: MPA = methyl pivaloylacetate; PA = Pinacolone; TON = mol MPA produced/mol Pd used; Me2Im = 1,3-dimethyl imidazoline-2-ylidene (dimethyl imidazolium carbene complex); Ms2Im = 1,3-di-(2,4,6-trimethylphenyl) imidazoline2-ylidene (dimesityl imidazolium carbene complex); cy-hex = cyclohexyl c Used 0.127 mmol Pd catalyst d Conditions: 13.1 mL (0.10 mol) chloropinacolone, 36 mL (0.151 mol) n-Bu3N, 110 mL MeOH, 0.1mmol Pd, 10.0 atm CO, 105°C, 3 h e Conditions: 11.0 mL (83.8 mmol) chloropinacolone, 30.0 mL (0.126 mol) n-Bu3N (0.151 mol) , 110 mL MeOH, 0.1mmol Pd, 10.0 atm CO, 120°C, 3 h Entry 1 2 3 4 5 6 7 8 9 10 11 12 13
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As can be discerned from Table 1, processes using (cy-hex3P)2PdCl2 (cy-hex = cyclohexyl) as the catalyst were superior to the earlier (Ph3P)2PdCl2 over a range of conditions. (See entries 1,2, and 13-18.) One significant advantage in using (cyhex3P)2PdCl2 catalysts was that the reactions could be driven toward completion by increasing the temperature without deleterious impacts on selectivity. This was not true with (Ph3P)2PdCl2 catalyzed processes where increasing temperatures led to measurable losses in selectivity. Further, the final concentration of methyl pivaloyl acetate in the best run (entry 18), was now in a useful concentration range (10.7 wt.%) and time frame (3 h) to give commercially viable reactor productivities. Carbene complexes of Pd (entries 5 and 6) were also useful catalysts with (Ms2Im)2PdCl2 demonstrating superior rates and selectivity when compared to the earlier (Ph3P)2PdCl2 catalyst. The only prior example of a carbene complex being utilized in a carbonylation process entailed the carbonylation of iodobenzene in the presence of excess phosphine (21). Since the carbonylation was operated in the presence of excess phosphine, the nature of the complex was clearly in question. Therefore, these examples represent the first clear demonstration of a carbene complex being utilized in a carbonylation process. While noteworthy, the carbene complexes were still inferior to (cy-hex3P)2PdCl2 with respect to rate. A further drawback to the carbene complexes became apparent upon analyzing the returned solutions for Pd. Each of the successful carbonylation runs demonstrated some degree of Pd precipitation. However, reactions employing either (Ph3P)2PdCl2 or (cy-hex3P)2PdCl2 still retained ca. 70-85% of the Pd in solution. Unfortunately, in reactions using the carbene complexes >90% of the Pd precipitated and could not be readily recycled. Since there was no prospect of developing an advantageous Pd recycle with carbene complexes and the rates were slower than with (cyhex3P)2PdCl2, the carbene complexes were not examined further. Since Pd-phosphine complexes normally demonstrate an optimum phosphine:Pd ratio, an attempt was made to determine the optimal tricyclohexyl phosphine:Pd ratio at this stage. (See Table 2.) However, under these conditions, any rate optimum is barely detectable although there appeared to be selectivity optimum. Large amounts of phosphine were deleterious to both selectivity and rate. There was little change in the levels of reduction to pinacolone as the ratio was altered. Table 2. Optimization of Tricyclohexyl Phosphine Level in Screening Reactions Selectivity Entry cy-hex3P /Pd ratio Conversion MPA PA TON 1 2 72% 91% 1.5% 650 2 3 74% 93% 1.4% 685 3 4 68% 93% 1.6% 629 4 5 67% 97% 1.5% 644 5 6 63% 91% 1.4% 577 6 7 64% 91% 1.6% 583 7 8 62% 91% 1.8% 560 a Conditions: 13.1 mL chloropinacolone, 36 mL nBu3N, 110 mL MeOH, 0.1mmol Pd, 10.0 atm CO, 105°C, 3 h; tricyclohexyl phosphine as indicated..
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Material accountability (the sum of recovered chloropinacolone, methyl pivaloyl acetate, and pinacolone) with the active Pd monophosphine and carbene complexes was in the range of 92-99% without accounting for impurities present in the starting chloropinacolone. A GC-MS examination of several product mixtures was undertaken to see if there were any additional, unanticipated by-products. The only additional material identified was α-methoxy pinacolone (1-methoxy-3,3dimethyl-2-butanone). This compound was formed by methanolysis of the starting αchloropinacolone and appears to be formed by a mixture of catalyzed and uncatalyzed processes Since this product was not anticipated, it was not quantified but represents the majority of, if not the only, remaining volatile product. No attempt was made to determine the presence of any quaternary ammonium salt formed by similar alkylation of the amine base by α-chloropinacolone. Improving Catalyst Performance and Reactor Productivity. The screening work demonstrated that with a (cy-hex3P)2PdCl2 catalyst the targeted methyl pivaloylacetate concentrations and desired reactor residence times could be achieved. Unfortunately, the process still would not meet the targeted catalyst performance (TON >5,000 mol MPA/mol Pd) and required further development directed at improving catalyst and reactor productivity. Carbonylation catalysts can demonstrate complex kinetics with variant rate determining steps and mechanisms. However, normally carbonylation reactions demonstrate first order behaviors in catalyst and organic halide and zero order dependence on alcohol. Kinetic behavior with respect to ligands and CO pressure are less predictable with inverse, zero, and first order behaviors as well as optima all being reported for these components. If this process follows the general trend toward first order behavior in the halide component and zero order in the methanol component, replacing a significant volume of the methanol with α-chloropinacolone should lead to an increase in the catalyst turnover frequency. Replacing methanol with reactive α-chloropinacolone would have the added benefit of increasing the concentration of methyl pivaloylacetate in the product solution. As indicated in Table 3, reducing the excess methanol to only a 3 fold molar excess (rendering a nearly solvent free process) far exceeded expectations and allowed significant reductions in the catalyst levels. Under these conditions, catalyst turnover numbers exceeding 10,000 mol MPA/mol Pd were achieved with a turnover frequency of >3400 mol MPA/mol Pd/h. The reaction mixtures obtained from this process formed two liquid phases and the product spontaneously separated from the amine and amine hydrochloride. As a consequence of eliminating large methanol excesses, the methyl pivaloylacetate concentration in the product was raised to 26 wt. % without additional reaction time being required. This represents an additional ca. 2.5 fold improvement in reactor productivity. No attempt was made to reduce the methanol further.



390



Carbonylation of Chloropinacolone



Included in Table 3 (entries 5-9) is a survey of the effect of the tricyclohexyl phosphine level. Unlike the earlier screening runs, these highly concentrated, low catalyst level reactions demonstrated clearly discernible rate and selectivity effects with respect to the phosphine:Pd ratio with the optimal rate being observed at a ratio (cy-hex3P):Pd ratio of ca. 7:1. Selectivity improvements increased consistently with rising phosphine levels. The presence of a rate optimum is consistent with original expectations for a carbonylation process requiring stabilizing ligands. In commercial practice, a slightly longer reaction time would be acceptable if it leads to improved selectivity since this approach conserves raw materials. As a consequence, the process would normally be operated at the higher phosphine levels. In the fastest operations (entries 3,4,7-9, Table 3), the material accountability remains high (9296% without accounting for impurities in the chloropinacolone). Table 3. Increasing Rate and Turnover Number using Reduced Methanol Concentrations to Attain High Turnover Processa Selectivity Pd Cy-hex3P P (mmol)b Entry (mmol) (atm) Conversion MPA PA TON 1 0.10 0.40 5.4 99% 86% 3.0% 2130 2 0.05 0.30 5.4 66% 91% 2.5% 3030 3 0.019 0.138 5.4 78% 91% 3.2% 9450 4 0.0095 0.069 5.4 47% 77% 2.6% 9620 5 0.019 0.038 8.5 73% 70% 2.0% 6760 6 0.019 0.088 8.5 84% 79% 3.0% 6410 7 0.019 0.138 8.5 89% 88% 3.7% 10280 8 0.019 0.188 8.5 77% 88% 2.8% 9020 9 0.019 0.238 8.5 74% 91% 2.4% 8970 a Conditions: 33.0 mL (0.251 mol) chloropinacolone, 90 mL (0.378 mol) Bu3N, 31.0 mL (0.766 mol) MeOH, 120°C, 3 h; catalyst: (cy-hex3P)2PdCl2 + cy-hex3P; CO pressure as indicated. b Includes tricyclohexyl phosphine contained in the (cy-hex3P)2PdCl2 catalyst. As indicated earlier, the effect of CO pressure is often unpredictable in carbonylations. To optimize this process, the effect of CO pressure was measured at 120°C and 130°C and the results appear in Table 4. With these highly active catalyst systems, there appeared to be an optimum CO pressure and excess CO pressures was deleterious to the reaction. While the presence of CO optima is not unknown in carbonylation chemistry, it is normally observed at significantly higher CO pressures. It is likely that the optimum observed in this study represented the transition from a mass transfer limited reaction to a chemically limited reaction. (The combination of a phosphine optima and rate reductions with increased CO likely indicate a rate determining dissociative process along the reaction pathway.) Comparing data in Table 4 at 120°C (entries 1-4) with data at 130°C (entries 57) indicates that a decrease in selectivity occurred as the temperature was raised
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above 120°C. A closer look at the impact of temperature on selectivity is shown in Table 5 where the response to temperature was examined at (i) constant partial pressure of CO and (ii) at constant total pressure. Selectivity losses became increasingly severe with higher temperature and optimal performance was achieved at about 120-130°C. This loss of selectivity is similar to the decrease observed with increasing temperatures in the earlier screening runs using (Ph3P)2PdCl2 as a catalyst. Fortunately, in the case of (cy-hex3P)2PdCl2 catalysts this phenomenon is not observed until higher temperatures are attained. Access to higher temperature regimes allows (cy-hex3P)2PdCl2 catalysts to be operated at substantially higher reaction rates without the significant selectivity losses observed when using the earlier (Ph3P)2PdCl2 catalyst at higher temperatures. Table 4. Effect of Pressure on Conversion and Selectivity a Gauge Selectivity Pcob T Pressure (atm) (atm) Entry (°C) Conversion MPA PA TON 1 120 5.4 1.4 78% 91% 3.2% 9450 2 120 8.5 4.4 89% 88% 3.7% 10280 3 120 17.0 12.9 68% 88% 2.6% 7960 4 120 34.0 29.9 57% 60% 2.1% 4570 5 130 8.5 2.7 92% 78% 3.3% 9470 6 130 17.0 11.2 78% 82% 3.3% 8420 7 130 34.0 28.2 84% 69% 2.4% 7600 a Conditions: 33.0 mL chloropinacolone, 90 mL Bu3N, 31.0 mL MeOH; catalyst: 14.0 mg (0.019 mmol) (cy-hex3P)2PdCl2 + 28.0 mg. (0.1 mmol) of cy-hex3P, 3 h, CO pressure, and temperature as indicated. b Pco (partial CO pressure) calculated by subtracting the partial pressure of MeOH and Bu3N from the total pressure. Table 5. Effect of Temperature at Constant Partial Pressure CO and Constant Gauge Pressure



Entry 1 2 3 4 5 6 7 8 9



T (°C) 110 120 130 140 150 120 130 140 150



Gauge Pressure (atm) 7.1 8.5 10.2 12.2 13.6 17.0 17.0 17.0 17.0



Pcob (atm) 4.4 4.4 4.4 4.4 4.4 12.9 11.2 9.2 6.7



Selectivity Conversion 38% 89% 89% 97% 97% 68% 78% 97% 99%



MPA 40% 88% 82% 80% 69% 88% 82% 80% 59%



PA 2% 4% 3% 6% 11% 3% 3% 9% 24%



TON 2000 10280 9740 10220 8870 7960 8420 10340 7690
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Conditions: 33.0 mL chloropinacolone, 90 mL Bu3N, 31.0 mL MeOH; catalyst: 14.0 mg (0.019 mmol) (cy-hex3P)2PdCl2 + 28.0 mg. (0.1 mmol) of cy-hex3P, 3 h, CO pressure, and temperature as indicated. b Pco (partial CO pressure) calculated by subtracting the partial pressure of MeOH and Bu3N from the total pressure. The selectivity loss observed with either elevated temperature or elevated pressure was likely due to competing formation of α-methoxy pinacolone via methanolysis. Whereas the GC peak assigned to α-methoxy pinacolone was only a trace component in reactions operated at low pressure and at 120-130°C, the peak assigned to α-methoxy pinacolone became quite significant at conditions entailing high temperature, high pressure, or both. The earlier work on chloroacetone (18,19) already indicated that trialkyl amines were superior to other bases for this reaction. Therefore the decision to use trialkyl amines to scavenge HCl was already determined by the literature precedent. However, when compared to the tributyl amine, smaller amines might be preferred since they could boost the reactor productivity by reducing the volume. Unfortunately, for unknown reasons, the process did not work as well with the simpler amines. Both tripropyl amine and triethyl amine displayed both lower rates and lower selectivity for methyl pivaloyl acetate. (See Table 6.) Table 6. Effect of Using Simpler Amines a Selectivity Pressure Entry Base (atm) Conversion MPA PA TON 1 Et3N 9.5b 88% 68% 2.3% 8020 2 Bu3N 8.5b 89% 88% 3.7% 10280 3 Pr3N 5.4 65% 83% 2.4% 7110 4 Bu3N 5.4 78% 91% 3.2% 9450 a Conditions: 33.0 mL chloropinacolone; 378 mmol of amine; 31.0 mL MeOH; catalyst: 14.0 mg (0.019 mmol) (cy-hex3P)2PdCl2 + 28.0 mg. (0.1 mmol) of cyhex3P; 120°C, 3 h, CO gauge pressure as indicated. b Pco (calc.) = 4.4 atm. (accounting for solvent vapor pressure.) In a commercial process, product recovery in this newly developed process would be simple since most of the product spontaneously separates into two liquid layers and only a minor amount of product is retained in the amine hydrochloride phase upon acidification of the remaining excess amine. Therefore, no additional solvent is required although a small amount might be used to extract the minor portion of product retained in the amine hydrochloride layer. (Any minor amount of product remaining in the tributylamine hydrochloride layer may be recycled with the amine and recovered in the subsequent batches.) Final product purification is readily achieved by distillation and any unreacted α-chloropinacolone can be recycled to subsequent batches. Neutralization of the Bu3N.HCl layer with NaOH regenerates tributyl amine with varying amounts of the Pd still being retained in the amine. The
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tributyl amine can be dried by azeotropic distillation and reused in producing the next batch of methyl pivaloylacetate. (Bu3N forms a minimum boiling azeotrope with water.) The resultant effluent from the reactor is a stream representing 1.5 mol of innocuous NaCl resulting from the neutralization. In summary, compared with earlier processes which utilize hazardous solvents and generate large waste streams, the carbonylation of chloropinacolone offers an environmentally and operationally advantaged process since it requires (i) very little excess amine or methanol, (ii) no extraneous reaction solvents, (iii) little or no extraction solvent, and (iv) the tributylamine coreactant and methanol components are readily recycled. This was accomplished while also demonstrating similar yields, shorter reaction times, and higher product concentrations which result in a significant reduction in the number of batches and time required to produce significant quantities of methyl pivaloylacetate. Experimental Section Screening Reactions. The following general procedure is typical for the screening reactions. To a 300 mL Hastelloy-B autoclave was added 110 mL (87.0 g, 2.71 mol) of methanol, 30.0 mL (23.3 g, 126 mmol) of tributyl amine, 11.0 mL (11.3 g, 83.8 mmol) of 1-chloropinacolone, and 0.1 mmol of catalyst. The autoclave was sealed, flushed with carbon monoxide, and pressurized to 30 psi with CO. The autoclave was then heated to 105°C and the pressure was adjusted to 80 psi. The temperature and pressure were maintained using a continuous carbon monoxide feed for 3 h. The mixture was then cooled and analyzed by gas chromatography. Phosphine effects and additional comparison were conducted at 150 psi of CO as noted in the tables. Catalyst Optimization. The following procedure is typical for optimizing the catalyst utilizing low catalyst and methanol concentrations. To a 300 mL Hastelloy-B autoclave was added 31.0 mL (24.5 g, 765 mmol) of methanol, 90.0 mL (70.0g, 378 mmol) of tributyl amine, 33.0 mL (33.8 g, 251 mmol) of 1-chloropinacolone, 14.0 mg (0.019 mmol) of [(cyclohexyl)3P)]2PdCl2, and 28.0 mg (0.1 mmol) of tricyclohexylphosphine. The autoclave was sealed, flushed with carbon monoxide, and pressurized to 30 psi with CO. The autoclave was then heated to 120°C and the pressure was adjusted to 150 psi. The temperature and pressure were maintained using a continuous carbon monoxide feed for 3 h. The mixture was then cooled to yield a two phase reaction product. The entire product mixture (both layers) was diluted with 50.0 mL (39.55 g) of methanol to generate a homogeneous mixture and analyzed by gas chromatography. Variations in the procedure regarding temperature, pressure, catalyst levels (phosphine and Pd) are indicated in the tables and text.
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Abstract Homogeneous catalysts possess many advantages over heterogeneous catalysts, such as higher activities and selectivities. However, recovery of homogeneous catalysts is often complicated by difficulties in separating these complexes from the reaction products. The expense of these catalysts (particularly asymmetric catalysts) makes their recovery and re-use imperative. We have developed several techniques using CO2 as a “miscibility switch” to turn homogeneity “on” and “off”. The goal is to create a medium for performing homogeneous reactions while maintaining the facile separation of a heterogeneous system. Our approach represents an interdisciplinary effort aimed at designing solvent and catalytic systems whereby a reversible stimulus induces a phase change enabling easy recover of homogeneous catalysts. The purpose is to preserve the high activity of homogeneous catalysts while taking advantage of simple separation techniques, such as filtering and extraction, normally applied to heterogeneous or biphasic catalytic systems. Specific examples include the application of gaseous CO2 as a benign agent in gas-expanded liquids to induce organometallic catalytic recycle of water/organic, fluorous/organic biphasic systems. Additional applications involve the enhancement of solid-liquid phase transfer catalysis with supercritical solvents and improved recovery of phase transfer catalysts from biphasic liquid mixtures using gas-expanded liquids. Specific reaction systems include the hydroformylation of hydrophobic olefins using water-soluble catalysts, the hydrogenation of pro-chiral and achiral substrates using fluorous-modified catalysts captured in a fluorinated solvent or on a fluorous surface phase, the hydrolysis of hydrophobic esters using enzymatic biocatalysts in mixed aqueous/organic media, and nucleophilic substitutions using novel phase transfer catalyzed systems. Introduction Catalytic synthesis can be achieved by a variety of methods, including homogeneous and heterogeneous organometallic complexes, homogeneous enzymatic biocatalysts, phase transfer catalysts, and acid and base catalysts. However, each of these
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methods offers advantages and disadvantages that must be balanced cautiously. Homogeneously catalyzed reactions are highly efficient in terms of selectivity (i.e. regioselectivity, enantiomeric excesses) and reaction rates, due to their monomolecular nature. Unfortunately, catalyst recovery can be very difficult (due to the homogeneous nature of the solution) and product contamination by residual catalyst or metal species is a problem. In contrast, heterogeneously catalyzed reactions allow easy and efficient separation of high value products from the catalyst and metal derivatives. However, selectivity and rates are often limited by the multiphasic nature of this system and/or variations in active site distribution from the catalyst preparation. Catalyst separation is crucial for industrial processes – to minimize the waste streams and to develop potential catalyst recycling strategies. Therefore, efforts have been made to improve the recovery of highly selective homogeneous catalysts by developing new multiphasic solvent systems. We have developed several techniques using CO2-expanded liquids and supercritical fluids to create a medium for performing homogeneous reactions while maintaining the facile separation of heterogeneous systems. Results and Discussion One example of a recoverable homogeneous catalytic system involves the addition of CO2 to fluorous biphasic systems (1,2). In fluorous biphasic systems, a fluorous solvent (perfluoroalkane, perfluoroether or perfluoroamine) is employed as an orthogonal phase, immiscible with most common organic solvents and water. An organometallic catalyst can be made preferentially soluble in a fluorous solvent by introduction of one or more fluorous side chains, or “ponytails” (3) with hydrocarbon spacers (4) to mitigate the electron-withdrawing effects of the fluorines. Usually, multiple ponytails are required to impart preferential solubility to most organometallic complexes (5). The mutual immiscibility of fluorous and organic solvents (6) provides an opportunity for facile separation of reaction components and the recycle of the expensive fluorous-derivatized homogeneous catalyst. However, mass transfer limitations in biphasic systems can limit overall reaction rate. In systems containing nonpolar solvents, such as toluene, heating the biphasic reaction mixture to around 90°C will induce miscibility (3). However for more polar or thermally labile substrates this is not a viable option as the consulate point is much higher than 100 °C (7,8). Thus, any polar reactants must be diluted into a nonpolar solvent, introducing an extra volatile organic compound into the process. Instead of heating, a homogenizing agent such as benzotrifluoride (BTF, 9) can be added to mixture. However, BTF is expensive and its recovery is not trivial. Alternatively, we have shown that CO2 can be used to induce miscibility of fluorocarbon-hydrocarbon mixtures (see Figure 1), even those involving polar compounds such as methanol (2). Fluorinated organometallic complexes have been well established to have significant solubility in supercritical CO2, and their use as catalysts in this medium is well developed (10). This allows the homogeneously catalyzed reaction to be carried out in the CO2-expanded homogeneous solution.
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When the reaction is complete, depressurization induces a phase split, with the catalyst available for recycle with the fluorinated solvent, and the product ready for purification in the organic phase. We demonstrated that a wide variety of organic solvents are made miscible with fluorocarbon solvents by adding CO2 pressure. This CO2 “miscibility switch” was demonstrated on two model reactions: the hydrogenation of allyl alcohol and the epoxidation of cyclohexene. In each of these experiments, a fluorous-soluble catalyst was dissolved in a fluorous solvent and added to a system containing a neat organic reactant phase. In both cases, addition of enough CO2 to merge the phases increased the average turnover frequency (TOF, mole product produced per mole catalyst per time) relative to the biphasic system by 50-70% (2).



0.1 MPa CO2



3.2 MPa CO2



3.3 MPa CO2



Figure 1. CO2 used to homogenize an organic (toluene, clear liquid) and a fluorous (FC-75, colored liquid) phase. The fluorous phase is colored by a cobalt catalyst. Note the slight coloration of the organic phase (middle panel), indicating extensive mutual solubility just prior to miscibility (2). Although these examples illustrate the effectiveness of the CO2 switch for enhancing the catalytic activity of fluorous biphasic reactions, fluorinated solvents are undesirable because of high expense and environmental persistance. To alleviate these limitations, we tried using the CO2 “miscibility switch” without any fluorinated solvent. We found that expansion of an organic solvent by the application of CO2 pressure (creating a gas-expanded liquid or GXL) increases the fluorophilicity of the solvent to such an extent that the solvent is able to dissolve highly fluorinated complexes (11). This allowed us to recrystallize fluorinated catalyst complexes for purification or X-ray crystallography. The phenomenon could potentially be used as a miscibility trigger in solventless fluorous biphasic catalysis, analogous to the work of Gladysz et al. (12,13) using a temperature switch or PTFE support. Unfortunately, our efforts to crystallize a pure catalyst phase from depressurization proved unsatisfactory. Therefore, we have explored the use of fluorous silica as a solid supported for “capturing” the fluorinated catalysts. We covalently bonded fluorous “tails” of about 500 Daltons to silica beads to create a surface “phase” of highly fluorous character.
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The fluorous silica concept involves the selective partitioning of a fluorousmodified catalyst between an organic liquid phase and the fluorinated surface phase. In the absence of CO2, the fluorinated catalyst prefers the fluorous surface phase and remains partitioned onto the silica. When CO2 pressure is added, the catalyst will partition off of the silica and into the GXL phase (containing reactants), where homogeneous reaction can take place. After the reaction is completed, the CO2 is removed and the catalyst will partition back onto the fluorous silica surface, which can be easily recovered by filtration. A cartoon schematic is shown as Figure 2.



SiO2



+ ‘PCO2 switch’ - ‘PCO2 switch’



SiO2



Catalyst Silica Fluorinated modified surface



Figure 2. Schematic representation of the fluorous silica concept. In the absence of CO2 the catalyst partitions onto the fluorous silica surface. In the presence of CO2 the catalyst partitions into the bulk liquid phase where reaction takes place (14). We examined the extent of reversible partitioning of fluorinated compounds or complexes on and off of the fluorous silica support upon the expansion of the solvent with CO2 (1). For a slightly fluorophilic molecule, bis(perfluoro-n-octyl) benzene, the partitioning in polar solvents, such as acetonitrile, was altered from 8:1 in favor of the silica surface to 45:1 in favor of the bulk fluid phase by adding modest CO2 pressures (20-50 bar). For a more fluorophilic compound, a perfluoropolyether complex, the partitioning can be changed from 100:1 in favor of the silica to 99:1 in favor CO2-expanded cyclohexane, a change of four orders of magnitude in partitioning (see Table 1). Table 1. Reversible solubility of various fluorinated compounds in CO2-expanded liquids at 25°C. PFPE = poly(hexafluoropropyleneoxide); Fl-Wilkinson’s Catalyst = RhCl(PR3)3 with R = C6H4-p-CH2CH2C6F13 (1). Compound Solvent Pressure Partitioning Partitioning w/o CO2 with CO2 Co(O-PFPE)2 C6H12 68.3 0.010 99.06 Bis(perfluorooctyl)benzene CH3OH 31.7 0.132 45.97 Bis(perfluorooctyl)benzene CH3CN 31.1 0.123 45.15 Fl-Wilkinson's Catalyst C6H12 28.6 0.024 40.84 Fl-Wilkinson's Catalyst CH3OH 28.6 0.012 68.07
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Our fluorous silica technology was also tested (1) on the catalytic hydrogenation of styrene. The fluorous silica phase contained a fluorinated version of Wilkinson’s catalyst (Figure 3) deposited onto the surface of the fluorous silica. The organic phase consisted of styrene dissolved in cyclohexane. No fluorous solvent was used.
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Figure 3. Fluorinated Wilkinson’s catalyst H2 and then CO2 pressure were applied, forming a GXL. The fluorinated catalyst then partitioned off of the fluorinated silica support and into the CO2expanded organic phase. The reaction was assumed to occur in the expanded liquid phase in which reactants (styrene, hydrogen) and catalyst (fluorinated Wilkinson’s catalyst) are homogeneously present. After the reaction was completed, the pressure was released and the catalyst then partitioned back onto the silica surface. The recyclability of the fluorinated catalyst was investigated. Five consecutive runs were carried out successfully with the same initial fluorinated catalyst/silica. The styrene hydrogenation activity proved to be relatively consistent (TOF from 250-400 h-1) for each of the five runs, indicating minimal loss of catalytic activity. Another way to omit the fluorous solvent would be to utilize a catalyst immobilization solvent that is not fluorinated, such as water. We demonstrated the application of a phase change after reaction permits facile recycle of hydrophilic catalysts. This method is called OATS (Organic-Aqueous Tunable Solvent) (15). Changes in composition or temperature give relatively incomplete separations – the addition of CO2 has a far more profound effect on system phase behavior. CO2 is miscible with most organics but virtually immiscible with water. Addition of CO2 can result in a phase separation of a miscible organic/water mixture (16), or drastically change distribution coefficients in a two-phase organic/water system (17). In addition, it provides for benign recycle of hydrophilic organometallic catalysts (14). For example, with the traditional aqueous biphasic catalysis technique, popularized by the Ruhrchemie/Rhône-Poulenc process (18), catalyst recovery can be achieved most easily by maintaining an aqueous catalyst-rich phase separate from the substrate-containing (nonpolar) organic phase. The catalyst is immobilized in an aqueous phase by modifying the catalyst ligands with one or more polar functionalities, such as sulfonate or carboxylate salts (19). This renders the catalyst completely insoluble in the substrate- (and later product-) containing organic phase, so that decantation of the organic phase results in no loss of catalyst. The aqueous layer can be recycled many times, yielding high catalyst turnover with little metallic
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contamination of the product. This “heterogenized” homogeneous system can improve the lifetime of organometallic catalysts by orders of magnitude. The Ruhrchemie/Rhône-Poulenc process is performed annually on a 600,000 metric ton scale (18). In this process, propylene is hydroformylated to form butyraldehyde. While the solubility of propylene in water (200 ppm) is sufficient for catalysis, the technique cannot be extended to longer-chain olefins, such as 1-octene (98%, 42 ml in 500 ml H2O). Then 25% aqueous ammonia was added until the pH was raised to 8. The precipitate was filtered, washed and dried (16 h at 140oC) .The product was impregnated with 1N H2SO4 (15 ml H2SO4 per 1 g Ti(OH)4). The precipitate was filtered, washed, dried and then calcined. Sulfated tin oxide: Sn(OH)4 was prepared by adding a 25% aqueous NH3 solution to an aq. sol. of SnCl4 (Aldrich, >99%, 50 g in 500 ml) until pH 9-10. The precipitate was filtered, washed, suspended in a 100 ml aq. sol. of 4% CH3COONH4, filtered and washed again, then dried for 16 h at 140oC. Next, 1N H2SO4 (15 ml H2SO4 per 1 g Sn(OH)4) was added and the precipitate was filtered, washed, dried and calcined.
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Preparation of Cs2.5 catalyst [Cs2.5H0.5PW12O40]. Cs2CO3 (1.54 g, 10 ml, 0.47 M) aqueous solution were added dropwise to H3PW12O40 (5 ml, 10.8 g, 0.75 M aq. sol.). Reaction was performed at room temperature and normal pressure while stirring. The white precipitate was filtered and aged in water for 60 hours. After aging, the water was evaporated in an oven at 120 oC. White solid glass-like particles of Cs2.5H0.5PW12O40 (9.0375 g, 2.82 mmol) were obtained. Table 3. Catalyst characterization. Catalyst sample Cs2.5H0.5PW12O40 ZrO2/SO42- / 650°C TiO2/SO42- / 550°C SnO2/SO42- / 650°C



Surface area 163 m2/g 118 m2/g 129 m2/g 100 m2/g



Pore volume 0.135 cm3/g 0.098 cm3/g 0.134 cm3/g 0.102 cm3/g



Pore diameter max./mean/calc. 2 / 5.5 / 3 nm 4.8 / 7.8 / 7.5 nm 4.1 / 4.3 / 4.2 nm 3.8 / 4.1 / 4.1 nm



Sulfur content N/A 2.3 % 2.1 % 2.6 %



Catalyst characterization. Characterization of mixed metal oxides was performed by atomic emission spectroscopy with inductively coupled plasma atomisation (ICP-AES) on a CE Instruments Sorptomatic 1990. NH3-TPD was used for the characterization of acid site distribution. SZ (0.3 g) was heated up to 600 °C using He (30 ml min–1) to remove adsorbed components. Then, the sample was cooled at room temperature and saturated for 2 h with 100 ml min–1 of 8200 ppm NH3 in He as carrier gas. Subsequently, the system was flushed with He at a flowrate of 30 ml min–1 for 2 h. The temperature was ramped up to 600 °C at a rate of 10 °C min–1. A TCD was used to measure the NH3 desorption profile. Textural properties were established from the N2 adsorption isotherm. Surface area was calculated using the BET equation and the pore size was calculated using the BJH method. The results given in Table 3 are in good agreement with various literature data. Indeed, stronger acid sites lead to higher catalytic activity for esterification. Catalyst leaching. The mixture may segregate leading to possible leaching of sulfate groups. The leaching of catalyst was studied in organic and in aqueous phase. First, a sample of fresh SZ catalyst (0.33 g) was stirred with water (50 ml) while measuring the pH development in time. After 24 h, the acidity was measured by titration with KOH. The suspension was then filtered and treated with a BaCl2 solution to test for SO42– ions. In a second experiment, the catalyst was added to an equimolar mixture of reactants. After 3 h at 140 °C, the catalyst was recovered from the mixture, dried at 120 °C and finally stirred in 50 ml water. The pH was measured and the suspension titrated with a solution of KOH. SO42– ions in the suspension were determined qualitatively with BaCl2. In a third experiment, the procedure was repeated at 100 °C when the mixture segregates and a separate aqueous phase is formed. From the leaching tests it can be concluded that SZ is not deactivated by leaching of sulfate groups when little water is present in the organic phase but it is easily deactivated in water or aqueous phase. There are several methods to prevent aqueous phase formation and leaching of acid sites: 1) use an excess of one reactant,
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2) work at low conversions, and 3) increasing the temperature exceeding the boiling point of water to preserve the catalyst activity and drive reaction to completion. Selectivity and side reactions. Typically, the alcohol-to-acid ratio inside an RD unit may vary over several orders of magnitude. Especially for stages with an excess of alcohol, the use of a SAC may lead to side reactions. Selectivity was assessed by testing the formation of side products in a suspension of SZ in pure alcohol under reflux for 24 h. No ethers or dehydration products were detected by GC analysis. Acknowledgements We thank M.C. Mittelmejer-Hazeleger and J. Beckers for technical support, and the Dutch Technology Foundation STW (NWO/CW Project Nr. 700.54.653) and companies Cognis, Oleon, Sulzer, Uniquema, Engelhard for financial support. Acknowledgment is made to the Donors of The American Chemical Society Petroleum Research Fund, for the partial support of this activity. References 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21.



F. Maa and M. A. Hanna, Bioresource Technol., 70, 1 (1999). B. Buczek and L. Czepirski, Inform, 15, 186 (2004). A. Demirbas, Energy Exploration & Exploitation, 21, 475 (2003). W. Körbitz, Renewable Energy, 16, 1078 (1999). M. A. Harmer, W. E. Farneth and Q. Sun, Adv. Mater., 10, 1255 (1998). J. H. Clark, Acc. Chem. Res., 35, 791 (2002). K. Wilson, D. J. Adams, G. Rothenberg and J. H. Clark, J. Mol. Catal. A: Chem., 159, 309 (2000). F. Omota, A. C. Dimian and A. Bliek, Chem. Eng. Sci., 58, 3175 & 3159 (2003). T. Okuhara, Chem. Rev., 102, 3641 (2002). M. A. Harmer and V. Sun, Appl. Catal. A: Gen., 221, 45 (2001). S. Ardizzone, C. L. Bianchi, V. Ragaini and B. Vercelli, Catal. Lett., 62, 59 (1999). H. Matsuda and T. Okuhara, Catal. Lett., 56, 241 (1998). M. A. Harmer, Q. Sun, A. J. Vega, W. E. Farneth, A. Heidekum and W. F. Hoelderich, Green Chem., 2, 7 (2000). G. D. Yadav and J. J. Nair, Micropor. Mesopor. Mater., 33, 1 (1999). M. A. Ecormier, K. Wilson and A. F. Lee, J. Catal., 215, 57 (2003). Y. Kamiya, S. Sakata, Y. Yoshinaga, R. Ohnishi and T. Okuhara, Catal. Lett., 94, 45 (2004). R. Koster, B. van der Linden, E. Poels and A. Bliek, J. Catal., 204, 333 (2001). H. G. Schoenmakers and B. Bessling, Chem. Eng. Prog., 42, 145 (2003). R. Taylor and R. Krishna, Chem. Eng. Sci., 55, 5183 (2000). H. Subawalla and J. R. Fair, Ind. Eng. Chem. Res., 38, 3696 (1999). A. A. Kiss, A. C. Dimian, G. Rothenberg, Adv. Synth. Catal., 348, 75 (2006).



Snåre et al.



415



46. Continuous Deoxygenation of Ethyl Stearate: A Model Reaction for Production of Diesel Fuel Hydrocarbons Mathias Snåre, Iva Kubičková, Päivi Mäki-Arvela, Kari Eränen and Dmitry Yu. Murzin Laboratory of Industrial Chemistry, Process Chemistry Centre, Åbo Akademi University, Biskopsgatan 8, FIN-20500 Turku/Åbo, Finland [email protected] Abstract In this paper the continuous deoxygenation of biorenewable feeds for diesel fuel production is addressed. The model reactant, ethyl stearate (stearic acid ethyl ester, C20H40O2) is deoxygenated by removal of a carboxyl group via decarboxylation and/or decarbonylation reactions yielding an oxygen-free diesel fuel compound, heptadecane. The reaction was carried out in a fixed-bed tubular reactor over a heterogeneous catalyst under elevated temperatures and pressures. The effect of catalyst pretreatment and catalyst mass as well as influence of reaction temperature were investigated. Introduction Currently significant research effort is devoted to developing environmentally friendly liquid fuels from renewable sources. Natural oils and fats are produced via extraction or pressing of renewable materials such as vegetable and animal feeds. The natural oil and fats consist primarily of triglycerides (98%), which are made up of a glycerol moiety and three fatty acid moieties[1]. Typically fatty acids in vegetable oils and animal fats have a straight hydrocarbon chain with carbons varying from C6 to C24, the chain can be saturated, monounsaturated or polyunsaturated, Table 1 [2,3]. Diesel fuel compounds derived from crude oil generally have 10-20 carbon atoms , thus removal of the carboxyl group from the fatty acid molecule would result in a paraffinic hydrocarbon similar to fossil diesel compounds. The paraffinic fuel compounds, converted from fatty acids and their derivates, would have a superior cetane number compared to both fossil diesel compounds and the conventional biodiesel compounds, FAME, produced via the transesterification method [4]. Furthermore, fatty acid derived fuels are very ecologically benign, e.g. they exhibit a low sulphur and aromatic content and are biodegradable [5].
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Table 1. Common fatty acids in vegetable oil and animal fat triglycerides [2,3]



saturated



Trivial name



Systematic name butanoic acid



4



Caproic Acid



hexanoic acid



6



Caprylic Acid



octanoic acid



8



Capric Acid



decanoic acid



10



Lauric Acid



dodecanoic acid



12



Myristic Acid



tetradecanoic acid



14



Palmitic Acid



hexadecanoic acid



16



Stearic Acid



octadecanoic acid



18



Arachidic Acid



eicosanoic acid



20



Behenic acid



docosanoic acid



22



tetracosanoic acid



24



Palmitoleic Acid



9-hexadecenoic acid



16



Oleic Acid



9-octadecenoic acid



18



11-octadecenoic acid



18



monounsaturated



-



polyunsaturated



Carbon atoms



Butyric acid



Vaccenic Acid Gadoleic Acid



9-eicosenoic acid



20



13-docosenoic acid



22



9,12-octadecadienoic acid



18



Erucic acid Linoleic Acid α-Linolenic Acid



9,12,15-octadecatrienoic acid



18



γ-Linolenic Acid



6,9,12-octadecatrienoic acid



18



Arachidonic Acid EPA



5,8,11,14-eicosatetraenoic acid



20



5,8,11,14,17-eicosapentaenoic acid



20



The plausible deoxygenation routes for production of diesel like hydrocarbons from fatty acids and their derivates are decarboxylation, decarbonylation, hydrogenation and decarbonylation/hydrogenation. The main focus in this study is put on liquid phase decarboxylation and decarbonylation reactions, as depicted in Figure 1. Decarboxylation is carried out via direct removal of the carboxyl group yielding carbon dioxide and a linear paraffinic hydrocarbon, while the decarbonylation reaction yields carbon monoxide, water and a linear olefinic hydrocarbon. Fatty acid (C6-C24) O R–C O-H



+H2 +H2



1.



R-H



2.



R’-H



3.



R-H



4.



R-CH3



1. decarboxylation



+ CO2



2. decarbonylation + CO + H2O + CO + H2O + H2 O



3. hydrogenation 4. decarbonylation/ hydrogenation Gas phase reactions



CO2 + 4H2



CH4 + 2H2O



R= saturated alkyl group



CO + 3H2



CH4 + H2O



R’= unsaturated alkyl group



CO + H2O



H2 + CO2



Figure 1. Schematic deoxygenation path of fatty acids for biodiesel production.
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The production of hydrocarbons for diesel fuel via decarboxylation of vegetable based feeds has been verified in our previous work [6]. The fatty acid, stearic acid, the fatty acid ester, ethyl stearate, and a triglyceride of stearic acid, tristearin, were successfully decarboxylated resulting in the paraffin, n-heptadecane, originating from the stearic acid alkyl chain. The experiments were carried out in a semi-batch reactor over a commercial palladium catalyst. The results showed that ethyl stearate deoxygenation proceeds over the corresponding fatty acid intermediate which is subsequently deoxygenated to heptadecane and carbon dioxide. In the present study the continuous deoxygenation of ethyl stearate was investigated in a tubular reactor in order to evaluate the catalyst stability and the industrial applicability. Experimental Section The fresh and spent catalysts were characterized with the physisorption/chemisorption instrument Sorptometer 1900 (Carlo Erba instruments) in order to detect loss of surface area and pore volume. The specific surface area was calculated based on Dubinin-Radushkevich equation. Furthermore thermogravimetric analysis (TGA) of the fresh and used catalysts were performed with a Mettler Toledo TGA/SDTA 851e instrument in synthetic air. The mean particle size and the metal dispersion was measured with a Malvern 2600 particle size analyzer and Autochem 2910 apparatus (by a CO chemisorption technique) , respectively. The catalytic deoxygenation experiments were carried out in a tubular fixed bed reactor. The reactor length and the inner diameter were 175 mm and 4.4 mm, respectively. The catalyst powder was placed between a layer of quartz sand and quartz wool. The experiments were typically carried out in an upward two-phase system and volumetric flow 0.1 ml/min using a high performance liquid chromatography pump (HPLC). The system was pressurized by adding 10 ml/min pressurizing media (Ar and N2) using a mass controller and a pressure controller, which were placed downstream. The experimental setup is illustrated in Figure 2. Decarboxylation of ethyl stearate in the continuous system is a challenge, due to its high melting point and low solubility in inert solvents. The solvent caused some additional challenges since the reaction must be carried out in the liquid phase and the reaction temperature should be sufficiently high for the reaction to occur. The reaction mixture containing 5 mol% ethyl stearate (Aldrich, >97%) in hexadecane (Fluka >98%) was continuously fed through a fine catalyst powder bed (particle size99 >99 >99



r (mmol/min) 0.068 0.072 0.006 0.020 0.030 0.020 0.005 0.070 0.020 0.021 0.140 0.039



Conv. (%) 87 100 100 100 100 100 95 100 96 100 100 22



different bases used in conjuction with the chiral diamine, DPEN, had on the reaction rate and product ee in the hydrogenations run using the xyl-phanephos ligand. The optimized reaction conditions were found to be the use of Ru(Xyl-Phanephos) modified with DPEN as the catalyst and running the reaction in a methanol solution at 30°C and 60 psig of hydrogen in the presence of potassium t-butoxide. A substrate:catalyst ratio of 2500 was routinely used giving the succinimido alcohol, 7, in >98% yield with an ee of > 99%. Increasing the hydrogen pressure to 200 psig significantly reduced the reaction time while still maintaining these same ee and conversion values. Hydrogenation of 6 using dichloro [(R)-Xylylphanephos][1S,2S-DPEN]ruthenium (II) gave the S enantiomer of 7 with 99% ee at 100% conversion. Using (S)-xylyl phanephos and (1R,2R)-DPEN resulted in the formation of the R enantiomer of 7, again with 99% ee at 100% conversion. Table 2. Effect of the base used on the hydrogenation of 2 mmole of 6 using 2 μmole of Ru((R)-Xylyl Phanephos) (S,S)-DPEN at 30°C and 60 psig H2. Base (0.25 mmole) ee (%) r (mmol/min) None >99 0.0004 KO-t-Bu >99 0.090 LiO-t-Bu >99 0.069 K2CO3 0 K2CO3/12-Cro-4(1:1) a >99 0.016 K2CO3/15-Cro-5(1:1)a >99 0.010 K2CO3/18-Cro-6(1:1) a >99 0.011 Li2CO3/12-Cro-4(1:1) a >99 0.007 Li2CO3/15-Cro-5(1:1 ) a >99 0.006 Li2CO3/18-Cro-6(1:1) a >99 0.013 DABCO 0 0.004 a Carbonates were used in conjunction with crown ethers.



Conv. (%) 2 100 100 0 52 68 68 50 70 64 0
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It was originally thought that one should be able to remove the succinic acid group by treatment of 7 with hydrazine in the same way one is able to produce a primary amine by treating a phthalimide with hydrazine in the classical Gabriel synthesis (12). This was not the case, though, since 7 did not react with hydrazine. However, it was found that treatment of 7 with dilute sodium hydroxide readily hydrolyzed the succinimide to produce the amino alcohol, 1, in 90% yield and having a 98 - 99% ee. Experimental Section All reagents and ligands were obtained from Aldrich, Acros or Strem and were used without further purification. The methanol, i-propanol and DMF were distilled over calcium hydride under an argon atmosphere and stored in sealed flasks under argon. The THF was purified by distilled over sodium ketyl under an argon atmosphere and stored in a sealed flask under argon. The (S)-5,5-diphenyl-2-methyl-3,4-propano1,3,2-oxazaborolidine (3) was purchased from Aldrich as a 1M solution in toluene [(S)-2-methyl-CBS-oxazaborolidine]. All gases used were zero grade. The HPLC analyses were accomplished using a 250 x 4.6mm Chiracel OJ column with appropriate internal standards. Oxazaborolidine reductions: A 100 mL jacketed reaction flask equipped with an addition port, reflux condenser and a magnetic stir bar was first purged with argon for 10 minutes and then charged with a solution of 0.125 mmole of catalyst 3 in 11 mL of THF and 34 mL of a BH3THF solution containing 24 mmole BH3, added portionwize over 10 min. The reaction flask was heated to 65°C and a solution of 6.19g (40 mmole) of phenacyl chloride (2) in 7.6 mL of THF was added via syringe pump over three hours at a rate of 0.08 mL/min. After addition was complete, the reaction mixture was stirred for 60 min, cooled to ambient and the remaining hydride was decomposed with 5 mL of dry methanol. The reaction mixture was passed through a short bed of SiO2 and the solvent evaporated giving the crude chloro alcohol, 4, in 95% yield with ee = 95%. Five and a half grams of this material was dissolved in 30 mL of methanol followed by the addition of 100 mL of 30% aqueous ammonium hydroxide. The resulting mixture was stirred at room temperature for 2-3 days after which time the light precipitate which formed was removed by filtration and the methanol only removed by rot-evaporation. To the cold water phase was added 15 g of sodium chloride and 30% aqueous ammonium hydroxide to pH 12.5. This was extracted twice with 50 cc portions of ether. The organic phase was dried over magnesium sulfate and evaporated giving 3.4 g (83%) of the crude amino alcohol, 1, ee = 95%. Catalytic hydrogenations Succinimido Ketone, 6: To 17.22 g (0.17 mole) of succinimide in a 1000 mL round bottomed flask was added 150 mL of THF and the suspension stirred at 65°C until the succinimide was dissolved. In a separate 250 mL flask 20.4 g (0.18 mole) potassium t-butoxide was suspended in 120 mL of THF and the suspension sonicated for 10 min to give a cloudy solution which was added dropwise to the stirred
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succinimid solution at such a rate that the internal temperature remained below 20°C. After the addition was completed the mixture was sonicated for an additional one hour. To this solution (suspension) was added dropwise over a period of one hour with stirring a solution of 27.84g (0.18 mole) of phenacyl chloride (2)in 120 mL of DMF. After addition the reaction mixture was stirred overnight during which time the initial red solution changed color to orange. Water (2.5 L) was added dropwise to the stirred suspension and the pale yellow precipitate was filtered and dried in a vacuum oven at 45°C/3-4 mm Hg to give 30 g of the crude succinimido ketone (79% yield). This material was recrystallized twice from ethanol (700 mL) to produce a white solid which after drying in a vacuum oven at 40°C gave 20 g (67%) of the succinimido ketone, 6, of sufficient purity for the hydrogenation step. Catalyst preparation: Five milligrams (0.02 mmol Ru) of {[RuCl2(benzene)]2} and 14 mg of CTH-(R)-3,5-xylylphanephos (0.02 mmol) were placed in a 50 mL Schlenk flask. After completely replacing all of the air with argon, 2 mL of DMF was added to the flask via cannula and the mixture heated to 100°C for 10 min with stirring to give a reddish brown solution. After cooling to ambient, 4 mg S,S-DPEN (0.19 mmol) dissolved in 2 mL of degassed DMF was added and the mixture stirred for 3 hours. The DMF was removed under 1 mm Hg pressure at 25°C and then at 50°C to give a light yellow solid containing 20 μmole Ru. This was dissolved in 10 mL of degassed methanol to give a stock catalyst solution containing 2 μmol Ru/mL. This solution was kept in a completely de-aerated air tight septum sealed flask until use. A second stock methanol solution containing 0.25 mmol / mL of potassium t-butoxide was prepared using 700 mg (6.25 mmol) of potassium t-butoxide dissolved in 25 mL of degassed methanol. This was also kept in a deaerated air tight septum sealed flask until use. Asymmetric hydrogenation: The succinimido ketone, 6, (4.34 g, 20 mmole) was placed in a 250 mL jacked glass reactor vessel (13) and the air in the reactor completely replaced by argon using fill-release cycles. Degassed methanol (250 mL) was added to the reactor via cannula and the mixture stirred at 30°C to dissolve the ketone. Four milliliters of the catalyst solution (8 μmol Ru) and 12 mL of the K-O-tBu solution (3 mmole) were injected into the reactor using gas tight syringes. The argon in the reactor was replaced with hydrogen (fill/release cycles) and the reactor pressurized to 60 psig with hydrogen. The reaction mixture was stirred at 1000 rpm overnight at 30°C with the hydrogen uptake recorded as described previously (13). The reaction mixture was passed through a short alumina column and the solvent removed to give the (S) succinimido alcohol, 7, with an ee of 99% at 100% conversion. Amino alcohol, 1: The succinimido alcohol, 7, (1.74g) was dissolved in 60 mL of 95% ethanol and 36 mL of 20% aqueous sodium hydroxide added to the solution. The solution was the refluxed for 18 hours and cooled to ambient which resulted in the separation of two layers. The top, organic, layer was separated and evaporated to dryness to give a solid material which was refluxed with 30 mL of MTBE and 10 mL of methylene chloride for 30-40 minutes to extract the amino alcohol from the solid sodium succinate. After cooling to ambient the solid was removed by filtration through a Celite pad and the filtrate decolored by stirring with Norit. Filtration gave



468



Chiral 2-Amino-1-Phenylethanol



a clear solution which, after evaporation, produced 980 mg of the white amorphous amino alcohol, 1 (90% yield, e = 98+%). The NMR and IR spectra and the HPLC traces of 1 were identical to those of an authentic sample of (S)-(+)-2-amino-1phenylethanol obtained from Alfa Aesar Acknowledgements We would like to acknowledge financial support for this project from Sapphire Therapeutics. References 1. 2. 3. 4.
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Selective Tertiary-Butanol Dehydration to Isobutylene via Reactive Distillation and Solid Acid Catalysis John F. Knifton and John R. Sanderson P.O. Box 200333, Austin, TX 78720



Abstract Selective tertiary-butanol (tBA) dehydration to isobutylene has been demonstrated using a pressurized reactive distillation unit under mild conditions, wherein the reactive distillation section includes a bed of formed solid acid catalyst. Quantitative tBA conversion levels (>99%) have been achieved at significantly lower temperatures (50-120oC) than are normally necessary using vapor-phase, fixed-bed, reactors (ca. 300oC) or CSTR configurations. Substantially anhydrous isobutylene is thereby separated from the aqueous co-product, as a light distillation fraction. Even when employing crude tBA feedstocks, the isobutylene product is recovered in ca. 94% purity and 95 mole% selectivity. Introduction There has been an enormous technological interest in tertiary-butanol (tBA) dehydration during the past thirty years, first as a primary route to methyl tert-butyl ether (MTBE) (1) and more recently for the production of isooctane and polyisobutylene (2). A number of commercializable processes have been developed for isobutylene manufacture (eq 1) in both the USA and Japan (3,4). These processes typically involve either vapor-phase tBA dehydration over a silicaalumina catalyst at 260–370oC, or liquid-phase processing utilizing either homogenous (sulfonic acid), or solid acid catalysis (e.g. acidic cationic resins). More recently, tBA dehydration has been examined using silica-supported heteropoly acids (5), montmorillonite clays (6), titanosilicates (7), as well as the use of compressed liquid water (8).



(CH3)3C−OH



→



(CH3)2C=CH2



+



H2O



(1)



In this research initiative, we have examined the potential of reactive distillation (9) for tertiary-butanol dehydration to isobutylene using solid acid catalysis. Advantages to employing reactive distillation for reaction (1) include: a) the mild operating conditions required (340oC) can lead to the formation of polyisobutylene by-products (3). The use of reactive distillation techniques, where the co-product water is immediately separated from the isobutylene as it is formed, allows the equilibrium of eq 1 to be shifted far to the right and high tBA conversions achieved under relatively mild operating conditions. Here we demonstrate quantitative tBA conversions to isobutylene using a pressurized reactive distillation unit (illustrated below, in Figure 1), in combination with four classes of highly-active, inorganic solid acid catalysts (9), namely: • • • •



Beta zeolites HF-treated β–zeolites Montmorillonite clays Fluoride-treated clays



Typical data for crude (94.9%) tBA feedstocks are illustrated in Table 1. In the synthesis of ex. 1, 350 cc of zeolite Beta, having a silica-to-alumina ratio of 24 and a surface area of ca. 630 m2/g (comprising 80% Beta and 20% alumina binder), is initially charged to the unit as 1/16″ diameter extrudates. Under steady state conditions, with the reboiler temperature set at ca. 110oC, the column temperature 64-99oC, and the crude tBA feed rate 100 cc/hr, the overhead product fraction comprises ca. 94% isobutylene. The corresponding bottoms product is 97% water, and includes just 0.2% unreacted tertiary-butanol. The estimated tBA conversion is then >99%, and the isobutylene selectivity 95 mole%. Ex. 3-5 illustrate somewhat similar data for a second sample of zeolite Beta, as well as an HF-treated montmorillonite clay and an HF-treated Beta-zeolite catalyst. The normal column operating temperature range is generally 50-120oC under equilibrium conditions (10,11). Impurities in the crude tBA feed, most notably water, methanol, acetone, and “heavies”, do not appear to significantly inhibit the dehydration process (eq 1), although the presence of methanol clearly leads to the formation of additional MTBE (either through etherification of the tBA feedstock, or the isobutylene coproduct). Extended life for the zeolite Beta catalyst has been demonstrated in this work using the same, or similar, crude tBA feedstocks to those employed in Table 1. Isobutylene generation has been monitored over ca. 500 to 1000 hours of service, under steady state reactive distillation conditions, without significant losses in activity or changes in product compositions.



Knifton and Sanderson



471 14



14 14



14



13



13



10



10 10 11 10



15



15 15



15



Figure 1. Reactive distillation unit design. Experimental Section The tertiary-butanol dehydration experiments described herein were conducted in a pilot unit reactive distillation unit of the type shown in Figure 1. The unit
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comprises a reactive distillation column, 10, containing a bed of solid acid catalyst, an upper distillation section, 14, containing a distillation packing (e.g. Goodloe packing) and a lower distillation section, 13, also containing distillation packing. The tertiary-butanol feedstock is charged to the middle of the bed 10 through a feed line, 11. The more volatile isobutylene product component flows upward through the upper distillation section 10 to a reflux splitter, 13, and then to a reflux condenser, 14, where it is cooled by room temperature water and withdrawn via line 14. Reflux is recirculated within the splitter 13 by a reflux line. Table 1. Tertiary–butanol dehydration to isobutylene Ex.



Feed



Catalyst Reboiler Temp. (C) Column Temp. (C) Reflux Temp. (C) Reactor Pressure (kPa) (f ) Feed Rate (g/hr) Water Methanol Isobutylene Acetone Isopropanol tBA MTBE Methyl ethyl ketone Diisobutylene Unknowns tBA Conversion (%) Isobutylene Sel. (mole%)



1.4 0.4 1.4 0.3 94.9 0.05 0.2 0.06 1.4



1



2



3



4



5



Beta-zeolite (a) Beta-zeolite (a) Beta-zeolite (b ) HF/Montmorillonite clay (c ) HF/Beta-zeolite (d ) 110 99 92 127 112 72-97 64-99 67-83 50-105 87-96 50 51 46 (e) (e ) 60 80 60 140 80 100 145 103 100 100 Overhead Bottoms Overhead Bottoms Overhead Bottoms Overhead Bottoms Overhead Bottoms 0.1 97.2 77.8 56.8 0.2 96.5 1.3 95.3 0.5 0.04 0.1 0.5 94.4 93.3 76.9 0.2 80.7 59.9 1.6 1.7 0.9 10.7 0.04 0.5 8.4 0.9 0.2 3.2 18.7 6.1 40 0.3 12.7 0.7 2.2 1.3 0.2 6.3 0.2 5.1 1.9 10.3 1.8 0.05 1.1 0.2 0.2 0.6 0.08 0.9 0.3 0.5 12.4 0.7 1.2 1.2 0.9 2 0.3 0.7 1.9 1.2 0.6 0.6 3.4 1 >99 94.5



95.6 88.5



89.1 67.2



(e ) (e )



91.7 64.9



(a ) From PQ Corp., 1/16 ins diameter extrudates (b ) From UOP, 1/16 ins diameter extrudates (c ) 0.6% HF on montmorillonite clay (d ) 5.7% HF treated Beta zeolite (e ) Not determined (f ) Reactor pressure above atmospheric (101 kPa)



The higher boiling aqueous product fraction flows downwards through the lower distillation section, 10, to a reboiler, 15, where it is heated by an electrical heater. A portion of this higher-boiling aqueous product is withdrawn via an exit line, 15, as shown, and the remainder of the aqueous distillation reaction product is returned to the reactive distillation column, 10, by a reboiler return line. The Beta-zeolite catalyst samples were purchased from PQ Corporation and from UOP. The HF-treated β-zeolite and montmorillonite clay samples were prepared as described previously (9,12). References 1. 2.
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Leaching Resistance of Precious Metal Powder Catalysts – Part 2



Tim Pohlmann, Kimberly Humphries, Jaime Morrow, Tracy Dunn, Marisa Cruz, Konrad Möbus, Baoshu Chen Degussa Corporation, 5150 Gilbertsville Highway, Calvert City, KY 42029 [email protected] Abstract Carbon supported powdered palladium catalysts have been widely used in the chemical industry. In addition to activity and selectivity of those catalysts, the recovery rate of the incorporated precious metal has a major impact on the economic performance of the catalyst. In this study, the effects of catalyst age, oxidation state of the incorporated metal and temperature treatment on the palladium leaching resistance as well as on activity and dispersion of carbon supported palladium catalysts were investigated. Introduction Palladium-based precious metal powder catalysts are used for a wide variety of industrial hydrogenation reactions. In general, these catalysts are refined after use to capture the value of the incorporated metal. Due to attrition and metal leaching during the hydrogenation reaction, a significant part of the precious metal can be lost. Even though the majority of the leached metal can be recovered using metal scavengers like Degussa’s Deloxan®, the metal loss can have an important influence on the overall economics of the catalytic process. Aim of catalyst research is thus to minimize the amount of metal losses. As a continuation of a previous study, this work investigates the influence of the catalyst age, degree of reduction, wetness of the catalyst and type of metal deposition (egg shell and uniform) on the leaching resistance as well as on hydrogenation activity and dispersion of powdered carbon supported palladium catalysts. (1) The leaching resistance of the catalysts was investigated by stirring the catalysts in a solution of ammonium chloride, which is known to be a model system to mimic the precious metal leaching in hydrogenation reactions. (2) The resulting mixtures were filtered and the mother liquor was analyzed for Pd by inductively coupled plasma (ICP). Another part of our investigation deals with the effect of heat treatment on the leaching behavior of palladium on activated carbon catalysts. Heat treatment is a known technique to increase the performance of catalysts. (3) Therefore, standard carbon supported palladium catalysts were exposed to different temperatures ranging from 100 to 400 °C under nitrogen. The catalysts were characterized by metal leaching, hydrogenation activity and CO-chemisorption.
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Results and Discussion The influence of the catalyst age on the leaching resistance of precious metal powder catalysts was investigated. Eggshell and uniform, reduced and unreduced, dry and wet type palladium on activated carbon catalysts were prepared and characterized by their hydrogenation activity, metal dispersion and palladium leaching. The tested catalysts show a relatively high leaching in the first few days after preparation. This value drops remarkably in the first weeks after preparation. The hydrogenation activity and palladium dispersion did not change significantly during the same time period. The properties of the investigated catalysts of this study as well as their hydrogenation activities and palladium dispersions are summarized in table 1 and table 2. Table 1. Properties of investigated catalysts ERD eggshell reduced



ERW eggshell reduced



dry



wet



END eggshell nonreduced dry



ENW eggshell nonreduced wet



URD uniform reduced



URW uniform reduced



dry



wet



UND uniform nonreduced dry



UNW uniform nonreduced wet



The reduced catalysts show a significantly higher metal leaching compared to the corresponding non-reduced catalysts. The amount of Pd detected when leaching the catalysts four weeks after preparation was between 100 and 150 ppm for the investigated reduced catalysts and between 20 and 40 ppm for the non-reduced catalysts. No significant differences between the egg-shell and the uniform type catalysts were observed in this test. A



B



160.00



decrease in metal leaching [%]



60.00



metal leached [ppm]
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Figure 1A, B. Leaching results one month after catalyst preparation and relative decrease in Pd leaching compared to the leaching of a fresh catalyst Similar trends were found for the palladium leaching values when leaching fresh catalysts. However, the overall amount of palladium leached is higher in this case. The results of the leaching tests performed one day after the catalyst preparation show values between 140 and 240 ppm for the reduced and of 30 to 60 ppm for the non-reduced catalysts. A comparison of the decrease of metal leaching over time shows different aging effects for the dry catalysts compared to the wet catalysts of
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this study. In the case of reduced catalysts, the catalysts ERW and URW show a relatively high drop in palladium leaching after four weeks compared to the test performed the day after the catalyst preparation. In contrast to these results, the dry analogues of these catalysts (ERD and URD) showed a much smaller decrease in palladium leaching (Figure 1). Table 2. Relative change of activity and dispersion after four weeks catalyst rel. activity rel. activity after one month dispersion [%] dispersion – after one month [%]



ERD 581 611



ERW 702 697



END 1053 1074



ENW 925 1010



URD 395 394



URW 403 393



UND 689 695



UNW 568 693



15.8



16.3



19.5



15.6



19.8



18.5



18.1



15.34



16.7



15.3



19.9



19.3



19.9



17.0



17.1



16.5



The hydrogenation activity and dispersion of all catalysts remains relatively constant during the evaluated period of time. The aging effect thus cannot be explained by sintering of the palladium crystallites, since this would also reduce the overall activity and dispersion of the catalyst. TPR experiments of the fresh and aged catalysts were carried out to investigate the influence of the oxidation state of the metal on the observed aging effect. A comparison of the TPR results of the fresh catalysts with the TPR results after two months shows that the reduced catalysts were slowly oxidized over time. The total extent of reduction in the TPR experiment denoted by the amount of H2 consumed in the TPR to reduce the catalyst increased over a period of two months for the wet reduced catalysts from 50 ml/g of Pd to 120 ml/g of Pd of a 5 % H2 in Ar mixture for the catalyst ERW and from 32 ml/g of Pd to 156 ml/g of Pd for the catalyst UNW. The corresponding results for the dry catalysts ERD (45 ml/g of Pd after two months) and URD (64 ml/g of Pd after two months) did not increase as strongly indicating that the dry catalysts are less prone to oxidation over time. This could also explain the smaller tendency of dry catalysts to show a reduced amount of leaching when storing the catalyst compared to the wet catalysts. As reported above the non reduced samples show a higher resistance against metal leaching compared to the reduced samples. These results also indicate that it is beneficial to use dried catalysts for applications that require a high degree of reduction of the catalyst, since dry catalysts show a higher resistance against oxidation during storage. In a second part of this study, the effect of heat treatment under nitrogen of the reduced palladium catalysts A, B and C with an egg-shell type metal distribution on the metal leaching was investigated. The reduced catalysts were tested for metal leaching after they underwent a heat treatment at temperatures of 100 to 400 °C. The metal leaching of the investigated catalysts decreased after the heat treatment of
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temperatures higher than 200 °C. Heat treatment at lower temperatures showed only minor changes of the metal leaching (Figure 2). amount of Pd leached [ppm]
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Figure 2 Pd leaching of heat treated catalysts To identify the cause for this reduced amount of metal leaching after heat treatments the hydrogenation activities and dispersions of all investigated catalysts were determined. As expected, lower activities and dispersions were observed for the heat treated catalysts compared to the non-treated ones (Figure 3). rel. catalyst activity
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Figure 3 Relative hydrogenation activity of heat treated catalysts rel. catalyst activity
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Figure 4 Correlation of relative hydrogenation activity with Pd-dispersion This detected drop of activity and the increased resistance against palladium leaching when exposing the catalysts to an increased temperature can be explained by a sintering of the metal particles at elevated temperatures, which reduces the metal surface. The reduced palladium surface would cause lower hydrogenation activities and palladium dispersions and a reduced metal leaching (Figure 4). The good correlation of the relative hydrogenation activity with the palladium dispersion of the tested catalysts supports this theory.
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Experimental Section All catalysts were prepared using activated powder carbons using slurry methods. After precipitation of the metal salt, some of the catalysts were reduced. Some catalysts were dried after preparation and subsequently stored in a dry environment. Liquid phase hydrogenation of cinnamic acid or nitrobenzene at low pressures was performed to investigate the hydrogenation activity of each catalyst. The leaching resistance of the catalysts was investigated by stirring the catalysts in a solution of ammonium chloride. The resulting mixtures were filtered and the mother liquor was analyzed for Pd by inductively coupled plasma (ICP). Precious metal dispersions experiments by CO chemisorption at 25 °C on the catalysts and temperature programmed reduction (TPR) experiments were carried out using a Micromeritics Autochem 2910 unit by heating the sample from –35 °C to 700 °C at a rate of 30 °C/min in a 5% H2/95% Ar mixture. The effluent gases were analyzed using a TCD to monitor the changes in the composition of the reducing gas as a function of the temperature. Conclusions Several carbon supported palladium catalysts were tested for hydrogenation activity, metal dispersion and metal leaching. These tests were repeated over a period of eight weeks. While the amount of metal leached reduces over time, activity and metal dispersion of the catalysts remains relatively constant. This trend was observed for eggshell and uniform type catalysts. Reduced catalysts showed a higher amount of palladium leached. The amount of palladium leaching was reduced over the period of the investigation. This reduced leaching effect was stronger for the catalysts that were stored in a wet form. TPR experiments of the reduced catalysts showed that the wet catalysts were slowly oxidized during the storage time, while the degree of oxidation of the dry catalysts was minimal. This oxidation effect is thus suspected to be the cause for the lower amount of palladium leaching of reduced catalysts after a storage time of several weeks. In a second part of this investigation, it was shown that palladium on activated carbon catalysts show a stronger resistance against metal leaching when heat-treated at temperatures higher than 200 °C compared to the non heat-treated analogues. Since the hydrogenation activity at low pressures and the metal dispersion was also reduced for the heat treated samples, it is probable that this effect is caused by sintering of the palladium crystallites of the catalyst. References 1. 2. 3.



The previous study was presented as a poster at the 19th North American Catalysis Society Meeting in 2005 (P-182) A. J Bird, D. T. Thompson, Catalysis in Organic Syntheses, 91, 61-106 (1980). T. J. McCarthy, B. Chen, M. L. Ernstberger, F. P. Daly, Chemical Industries (Dekker), 82, (Catalysis of Organic Reactions), 63-74 (2001).
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Optimization of Reductive Alkylation Catalysts by Experimental Design Venu Arunajatesan, Marisa Cruz, Konrad Möbus and Baoshu Chen Degussa Corporation, 5150 Gilbertsville Hwy, Calvert City, KY 42029 [email protected]



Abstract Reductive alkylation is an efficient method to synthesize secondary amines from primary amines. The aim of this study is to optimize sulfur-promoted platinum catalysts for the reductive alkylation of p-aminodiphenylamine (ADPA) with methyl isobutyl ketone (MIBK) to improve the productivity of N-(1,3-dimethylbutyl)-Nphenyl-p-phenylenediamine (6-PPD). In this study, we focus on Pt loading, the amount of sulfur, and the pH as the variables. The reaction was conducted in the liquid phase under kinetically limited conditions in a continuously stirred tank reactor at a constant hydrogen pressure. Use of the two-factorial design minimized the number of experiments needed to arrive at the optimal solution. The activity and selectivity of the reaction was followed using the hydrogen-uptake and chromatographic analysis of products. The most optimal catalyst was identified to be 1%Pt-0.1%S/C prepared at a pH of 6. Introduction The synthesis of an N-alkylarylamine by the reductive alkylation of an aromatic primary amine with a ketone is used in the preparation of antioxidants for polymers and rubber. The alkylation of an amine with a ketone is typically carried out in the liquid phase using heterogeneous catalysts such as Pd, Pt, Rh, or Ru supported on carbon (1,2). The reaction of ADPA with MIBK yields an imine, which then is hydrogenated over a Pt or sulfur promoted-Pt catalyst to yield 6-PPD. CH3
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NH
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PtS/C
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H2 NH



Imine



N H H CH 3
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Optimization of a process or catalyst by experimental design such as twofactorial design can lead to significant reduction in time required to achieve the goal. In their excellent work, Mylroie et al. (3) reduced the time required for the optimization of the reductive alkylation process conditions by a factor of 10. Here, we turn our attention to the optimization of the catalyst rather than the process.
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Since the preparation of a catalyst can be a complex process involving a number of variables, a thorough examination of all these variables would involve preparation of hundreds of catalysts. Platinum loading was a natural choice as one of the variables. It is well known that acids catalyze the formation of imine (2,4). It is also known that treatment of carbon with acids lead to the formation of acidic surface groups, hence pH during catalyst preparation was chosen as another variable (5). In the case of reductive alkylation, Thakur et. al. (6) showed that the reaction rate increases with sulfur loading therefore, sulfur loading was chosen as the third variable. Table 1 shows the range of values for each of the chosen parameters. Experimental Section Reactions were carried out in liquid phase in a well-stirred (1000 rpm) high-pressure reactor (Parr Instruments, 300 mL) at 30 bar and 150°C. The reaction mixture consisted of 61 g of ADPA (Acros Chemicals), 53 g MIBK (Acros Chemicals) and 370 mg of catalyst. The test procedures used here is similar to that described earlier by Bartels et al. (7). The reactor was operated at a constant pressure with the liquid phase in batch mode and the hydrogen fed in at a rate proportional to its consumption. The reaction was monitored by hydrogen uptake and the product yield was determined from gas chromatographic (Agilent Technologies, 6890N) analysis. The catalysts were commercial catalysts from Degussa with Pt-loading from 1%-5%, S-loading varied between 0.1 and 0.5%. The pH of the catalyst during preparation was varied from 2-6. The dispersion of Pt was 52+/-5% for all the catalysts tested. Results and Discussion The reactions were conducted according to a two factorial design with three variables, which contains experimental points at the edges and the center of a facecentered cube leading to 9 different experiments. Typically, the experiment at the center point is conducted at least 3 times to add degrees of freedom that allow the estimation of experimental error. Hence a total of 11 experiments are needed to predict the reaction rate within the parameter space. The parameter space for the catalysts to be prepared is shown in columns 2-4 in Table 1. The reactions were conducted in the liquid phase at conditions described in the experimental section. Test reactions were conducted to establish that the reactions were kinetically limited. In cases where the rate of reaction was >5 mmol/(g*min), the selectivity to 6-PPD was >97% and the yield of 6-PPD was >96%. Hence, the rate of hydrogen uptake was taken to be directly proportional to the formation of 6PPD. This rate calculated at constant temperature and conversion was normalized to the amount of catalyst used and is shown in column 6 of Table1. The two cases where Pt/S ratio was high (Run 3 & 4), hydrogenation of the ketone (MIBK) to the alcohol, methyl isobutyl carbinol (MIBC), was observed. In cases where the Pt/S ratio was low (Run 5 & 6), significant amounts of the imine was detected in the GC.
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It is apparent from Table 1 that the pH of catalyst preparation has only a small effect on the rate of reaction (compare run 1 & 2, 3 & 4, 7 & 8). But, it is not evident how either Pt-loading or S-loading affects the catalyst performance. In some cases (Run 1 & 3) it appears that lowering the S loading leads to lower activity while in other cases, the contrary appears to be true (Run 5 & 7). However, it is clear that at a constant molar ratio of Pt/S of 1.64, the activity of the catalyst remains consistently high (Run 1, 2, 7, 8 & 9). Significantly high (Run 3 & 4) or low (Run 5 & 6) Pt/S ratio appears to be detrimental to the catalyst activity. The vertical line in the standardized Pareto chart (Figure 1) delineates the parameters that are significant at 5% level indicating that the interaction variable AB (Pt-S) is the only variable that affects the catalyst activity. That is, based on our data, the probability that any variable other than AB (Pt-S) has an effect on the catalyst activity is 
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