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Abstract

:

The effect of NaI on hydrogenation of diphenylacetylene catalyzed by the water-soluble [{RuCl(mtppms-Na)2}2(µ-Cl)2] (1) (mtppms-Na = meta-monosulfonated triphenylphosphine sodium salt) is reported. Hydrogenations were performed under mild conditions (P(H2) = 1 bar, T = 50–80 ℃) in aqueous–organic biphasic reaction mixtures wherein the catalyst was dissolved in aqueous phase of various pHs. In acidic solutions, addition of NaI to 1 + mtppms-Na increased the selective conversion of diphenylacetylene to stilbenes from 10% to 90% but did not effect the high Z-selectivity (up to 98%). In contrast, in basic solutions the major product was diphenylethane (up to 70%), and the yield of E-stilbene exceeded that of the Z-isomer. 1H and 31P NMR measurements revealed that depending on the absence or presence of NaI, the catalytically active Ru(II)-hydride species in acidic solutions was [RuHCl(mtppms-Na)3], 2, or [RuHI(mtppms-Na)3], 5, respectively, while in basic solutions, both 2 and 5 were hydrogenated further to yield the same hydride species, cis,fac-[RuH2(H2O)(mtppms-Na)3]. [RuHI(mtppms-Na)3] proved superior to [RuHCl(mtppms-Na)3] as a catalyst for the selective hydrogenation of cinnamaldehyde to dihydrocinamaldehyde. This finding was explained by a facile formation of a (putative) dihydrogen complex [Ru(H2)I2(H2O)(mtppms-Na)2] intermediate, resulting in fast heterolytic activation of H2.
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1. Introduction


Selective catalytic hydrogenation of alkynes to alkenes attracts a great deal of interest, since alkenes are potential starting materials for production of chemicals containing almost any kind of substituents [1,2,3,4,5,6,7,8,9,10]. In addition, semihydrogenation of alkynes in olefins removes potentially harmful impurities but avoids the waste of alkenes via hydrogenation of C=C double bonds.



Most often, hydrogenation or transfer hydrogenation of internal alkynes yields Z-alkenes [4,6,11,12], while examples of E-selective hydrogenations are also known [13,14,15,16,17]. It is of interest that, in several cases, the E/Z selectivity can be reversed by small changes to the applied catalyst or reaction conditions [17,18,19,20,21,22,23]. For example, reduction of diphenylacetylene in dioxane with hydrogen transfer from neat formic acid (FA) with a catalyst formed in situ from [Pd2(dba)3] (dba = dibenzylideneacetone) and tricyclohexylphosphine (PCy3) yielded E-stilbene; however, Z-stilbene was obtained with 1,4-bis(diphenylphosphinobutane) (DPPB) instead of PCy3. In this system, water plays an important role, since with DPPB, but with a 25% aqueous formic acid instead of neat FA, E-stilbene was produced selectively [18].



Studies on alkyne hydrogenation in aqueous systems are scarce [7,24,25]. Previously, we have observed that in aqueous–organic biphasic systems, diphenylacetylene could be efficiently hydrogenated with [{RuCl(mtppms-Na)2}2(µ-Cl)2] (1) as the catalyst precursor (mtppms-Na = meta-monosulfonated triphenylphosphine sodium salt) in the presence of added mtppms-Na. The E/Z selectivity depended on the pH of the aqueous phase: under acidic conditions, Z-stilbene was produced with almost completely selective alkyne semihydrogenation, while with a basic aqueous phase, the major product was the fully saturated (overhydrogenated) product, diphenylethane, together with E-stilbene and small amounts of the Z-isomer (Scheme 1) [7].



These investigations also revealed that the effective catalytic species formed under hydrogenation conditions were significantly more active for hydrogenation of the alkyne substrate than for reduction of the alkene product of semihydrogenation.



The Ru(II)-(mtppms-Na) or Ru(II)-(mtppts-Na3) (mtppts-Na3 = tris(meta-sulfonated)triphenylphosphine, Na-salt), as well as the related Os(II)-complexes with the same water-soluble phosphines, were studied in detail in selective hydrogenation of α,β-unsaturated aldehydes, such as cinnamaldehyde (Scheme 2). Similar to the case of alkyne hydrogenation, in aqueous–organic biphasic mixtures under acidic conditions, these catalysts facilitated only a slow (but exclusive) formation of the C=C hydrogenated product (dihydrocinnamaldehyde). Conversely, under basic conditions, only unsaturated alcohol (cinnamalcohol) was detected as a single product [26,27,28,29]. For the [{RuCl(mtppms-Na)2}2(µ-Cl)2] + mtppms-Na catalyst system it was later established, that this pH-dependent selectivity was due to formation of different hydride species under reaction conditions, i.e., [RuHCl(mtppms-Na)3], 2 at pH < 5 [30,31] and cis,fac-[RuH2(H2O)(mtppms-Na)3], 3 at pH > 7 [32].



Basset et al. have found that in aqueous solutions and in the presence of free mtppts-Na3, [{RuCl(mtppts-Na3)2}2(µ-Cl)2], 4 actively catalyzed the hydrogenation of propanal to propanol at 100 °C and 50 bar H2 pressure but was inactive at 35 ℃ (other conditions unchanged). However, addition of NaI to the same reaction mixture already initiated very fast hydrogenation at this low temperature (initial TOF > 2000 h–1 at 35 °C; TOF = (mol reacted substrate) × (mol catalyst)–1 × time–1). Although it was shown by 1H and 31P NMR measurements that under reaction conditions, the catalyst precursor was transformed to [RuHI(mtppts-Na3)3], interestingly, in the absence of NaI, the isolated iodo-complex did not catalyze the hydrogenation of propanal at 35 °C [33,34].



On the basis of the above findings, we conceived that addition of iodide may change both the rate and selectivity of hydrogenation of internal alkynes catalyzed by [{RuCl(mtppms-Na)2}2(µ-Cl)2], 1 in aqueous systems. Therefore, we carried out hydrogenation of diphenylacetylene with 1 as the catalyst precursor in the presence of NaI and determined the rate (conversion) and chemo- and stereoselectivity of the reaction as a function of the pH of the aqueous phase. 1H and 31P NMR measurements were also carried out to establish the molecular state of the effective catalyst.




2. Results and Discussion


In our previous work, hydrogenation of diphenylacetylene as a function of pH was studied with the use of [{Ru(mtppms-Na)2}2(µ-Cl)2], 1 and mtppms-Na dissolved in aqueous phosphate buffer (Na2HPO4/NaH2PO4/H3PO4) of appropriate pH [24]. In the present communication, we disclose the results of diphenylacetylene hydrogenation with the same catalyst system supplemented with NaI ([NaI]/[Ru] = 10). Figure 1 shows the observed conversions both in the absence and presence of NaI.



It is seen from Figure 1, that on addition of NaI, the reaction proceeded with a high rate, and conversions above 90% were observed in strongly acidic solutions in contrast with the conversions below 10% in the absence of NaI under otherwise identical conditions. However, Figure 1 also reveals, that in basic solutions (9 ≥ pH ≥ 12), conversions around 25% were achieved independent of the absence or presence of NaI in the reaction mixture.



The selectivity of diphenylacetylene hydrogenation with the 1 + mtppms-Na catalyst precursor is shown on Figure 2 both in the absence (A) and in the presence (B) of NaI.



Figure 2 demonstrates that the pH of the aqueous phase (containing the dissolved catalyst) influenced the product selectivity both in the absence and presence of NaI in a similar, although not identical manner. In acidic solutions, the reaction was selective to formation of stilbenes accompanied by negligible formation of diphenylethane. In addition, in the lower pH region (approximately pH 1–5 without NaI and pH 1–8 with NaI) the hydrogenation was also stereoselective to formation of Z-stilbene, with GC yields around 95% (A) or 98% (B). However, at pH 5 (A) and 8 (B), formation of E-stilbene and diphenylethane set on with a concomitant decrease in the yield of the Z-alkene. Finally, at pH 12, the overhydrogenated product, diphenylethane, became the major species in the reaction mixture (close to 70% in both cases, A and B). Of the two isomeric stilbenes, E-stilbene was preferred at pH 12 (approximately 30%), while the yield of Z-stilbene did not exceed a few %. What is characteristic, though, is the pH value at which diphenylethane became the major product: approximately pH 7 in the absence and pH 10 in the presence of NaI. It can be concluded from these results that addition of NaI was advantageous not only to provide reasonably faster reactions under acidic conditions, but also to extend the pH region of chemo- and stereoselectivity by about 3 pH units (from 5 to 8). However, in basic solutions, no significant effect of NaI on the reaction rate and selectivity could be observed.



In an attempt to determine the molecular composition of the immediate catalytic species, the reaction of 1, mtppms and NaI under an H2 atmosphere was investigated by spectroscopic methods. In acidic solutions and at room temperature, 1 + mtppms + H2 (atmospheric pressure) yielded a cherry red solution which turned purple on addition of NaI ([NaI]/[Ru] = 10). Conversely, under basic conditions, yellow solutions were obtained independent of the absence or presence of NaI. The processes could be quantitatively described on the basis of 1H and 31P NMR spectroscopies and with the use of pH-potentiometry. It was reported earlier that in acidic solutions, the major species was [RuHCl(mtppms-Na)3], 2 (together with < 10% [{RuH(mtppms-Na)2}2(µ-Cl)2], 6) [30,31], while in basic solutions cis,fac-[RuH2(H2O)(mtppms-Na)3], 3 could be identified as single species [32]. In contrast, when the acidic solutions of 1 + mtppms-Na also contained NaI, instead of the signals of 2 (δ = –17.94 ppm, q) and 6 (δ = –8.71 ppm, t), the 1H NMR spectrum contained only a resonance due to [RuHI(mtppms-Na)3], 5 at δ = –15.0 ppm (q) [32], which is very close to that of [RuHI(mtppts-Na3)3], δ = –15.4 ppm (q), known from the literature [34]. In more basic solutions (pH > 6), the resonance of cis,fac-[H2Ru(H2O)(mtppms-Na)3], 3 also appeared, and became dominant at high pH. These changes are depicted on Figure 3. The effect of I– is shown not only by the lack of the Ru(II)-monohydride dimer (the iodo analogue of 6), but also by the shift of the Ru(II)-dihydride/Ru(II)-monohydride equilibrium to more basic conditions.



Comparison of the pH-dependent concentration distribution of the Ru(II)-hydride species (Figure 3) and the reaction rates and selectivities of diphenylacetylene hydrogenation (Figure 1 and Figure 2) allows the following conclusions. First, [RuHI(mtppms-Na)3], 5, dominant in acidic solutions, seems to be a more potent catalyst for the hydrogenation of the alkyne triple bond than its chloro analogue, [RuHCl(mtppms-Na)3], 2, since in this pH region, conversions of diphenylacetylene to stilbenes in the presence of NaI far exceed those determined in its absence. Second, in basic solutions, both [RuHCl(mtppms-Na)3], 2 and [RuHI(mtppms-Na)3], 5 are hydrogenated further to the same halide-free species, cis,fac-[RuH2(H2O)(mtppms-Na)3], 3. Consequently, the conversion of diphenylacetylene and the product distribution become independent of the absence or presence of NaI and converge to the same values. Nevertheless, in comparison with 2, the transformation of 5 to 3 takes place in slightly more basic solutions, therefore the region of stereoselective formation of Z-stilbene is also shifted to a higher pH. The latter phenomenon may be the consequence of the stepwise formation of Ru(II)-dihydride 3 in two consecutive heterolytic H2 activation steps (Equations (1)–(3), X− = Cl− or I−) rather than by oxidative addition of H2 onto a Ru(II)-precursor species, as demonstrated earlier also by pH potentiometric studies [30,31].


½ [{RuCl(mtppms-Na)2}2(µ-Cl)2] + mtppms-Na + H2 = [RuHCl(mtppms-Na)3] + H+ + Cl–



(1)






½ [{RuCl(mtppms-Na)2}2(µ-Cl)2] + mtppms-Na + I– + H2 = [RuHI(mtppms-Na)3] + H+ + 2Cl–



(2)






[RuHX(mtppms-Na)3] + H2 + H2O = cis,fac-[RuH2(H2O)(mtppms-Na)3] + H+ + X– (X = Cl or I)



(3)







Formation of the Ru(II)-dihydride catalyst 3, which shows a preference for the formation of E-stilbene and overhydrogenation to diphenylethane, requires release of one H+ and one X– (Cl– or I–). Obviously, this reaction (Equation (3)) is facilitated in basic solutions. Conversely, the hydration enthalpy of iodide (–298 kJ/mol) is less than that of chloride (–369 kJ/mol) [35]; therefore, solvation of the released iodide contributes less to the overall reaction enthalpy and makes reaction (3) less facile compared to hydrogenation of the chloro-complex 2.



For comparison, we have briefly studied the hydrogenation of cinnamaldehyde catalyzed by 1. Similar observations were made to those in the case of diphenylacetylene hydrogenation. In basic solutions, cinnamaldehyde was reduced to cinnamalcohol independent of the absence or presence of NaI. Earlier, we established that this reaction was also catalyzed by the halide-free cis,fac-[H2Ru(H2O)(mtppms-Na)3], 3 [30,31], which was shown in the present study (Figure 3) to be the major species in solutions containing NaI. However, in acidic solutions, the rate of hydrogenation of the C=C bond in cinnamaldehyde increased substantially (Figure 4) in the presence of NaI (25% vs. 2% conversion to 3-phenylpropanal at pH 3).



For an explanation of the accelerating effect of NaI on hydrogenation of the C=C bond in cinnamaldehyde one should consider the general mechanism suggested for alkene hydrogenations catalyzed by 1 + mtppms-Na in acidic aqueous solutions [36].



The higher catalytic hydrogenation activity of [RuHI(mtppms-Na)3] in comparison to [RuHCl(mtppms-Na)3] may be explained by the suggested reaction mechanism (Figure 5). As mentioned earlier, 1H and 31P NMR measurements showed that under acidic conditions, the dominant Ru(II)-hydride species is [RuHX(mtppms-Na)3], X=Cl– (2), or I– (5) in the presence of NaI (Figure 3). It is also known that in several cases (e.g., in hydrogenation of crotonic acid) excess mtppms-Na inhibits the reaction [36]; therefore, it is reasonable to assume that Ru(II) enters the catalytic cycle as a bisphosphine species [RuHX(H2O)P2] (P = mtppms-Na). Replacement of the solvent by the alkene substrate (Step 1) yields [RuHX(alkene)P2], and in this reaction we do not expect a significant difference between X– = Cl– or I–. In Step 2, hydride migration and solvent coordination supplies [RuX(H2O)(alkyl)P2]. Protonation of this Ru(II)-alkyl intermediate and halide coordination results in formation of the alkane product (Step 3) with concomitant formation of [RuX2(H2O)P2]. Since under acidic conditions, the proton concentration is higher than that of the Ru(II)-catalyst, again, no significant rate difference is expected between the protonation of [RuX(H2O)(alkyl)P2] with X– = Cl– or I–. Reaction of [RuX2(H2O)P2] with H2 (Step 4) may yield the dihydrogen complex [Ru(H2)X2(H2O)P2] (or the pentacoordinate [Ru(H2)X2P2]), which in Step 5 releases a proton and a halide to yield [RuHX(H2O)P2] and initiates a new catalytic cycle. Inclusion of a dihydrogen complex into the reaction mechanism may seem somewhat speculative, but not unreasonable. We did not directly observe [Ru(H2)X2(H2O)P2] in hydrogenation of C=C unsaturated substrates (alkenoic acids [36], or unsaturated aldehydes); however, this does not exclude their kinetic role. In fact, in aqueous solutions, coordination of dihydrogen (as η2-H2) was found more favourable thermodynamically than that of H2O [37]. Furthermore, formation of dihydrogen complexes (non-classical hydrides) in Ru(II)-mtppms-Na systems was unambiguously detected in aqueous solutions at pH ≥ 7.6 and P(H2) = 5 bar pressure [32]. We believe that it is the formation of [Ru(H2)I2(H2O)P2] (Step 4) which leads to higher catalytic activities in the presence of NaI. The driving force of the formation of dihydrogen complexes mostly arises from back donation from the metal to the H2 ligand, and the back donation of Ru(II) in [Ru(H2)I2(H2O)P2] is expected to be stronger than in [Ru(H2)Cl2(H2O)P2] due to the more electron-rich iodide ligands.



The suggested catalytic cycle also allows an explanation of the chemoselectivity of diphenylacetylene hydrogenation to stilbenes, with the assumption that in Step 1, the alkyne coordinates preferentially over the already formed alkene(s). This assumption has been verified experimentally through semihydrogenation of alkynes [1,2].




3. Materials and Methods


All reagents of commercial quality were used without further purification. Diphenylacetylene was purchased from Sigma-Aldrich (St. Louis, MO, USA); chlorobenzene and toluene from VWR International (West Chester, PA, USA). mtppms-Na [38] and [{RuCl(mtppms-Na)2}2(µ-Cl)2], 1 [38] were prepared by known procedures. All manipulations were performed under inert atmosphere using standard Schlenk techniques. Reaction mixtures were analyzed by gas chromatography (HP5890, Agilent Technologies (Santa Clara, CA, USA); Chrompack WCOT Fused Silica 30 m × 32 mm CP WAX52CB column; FID; carrier gas: argon). The products were quantified by their peak areas. They were identified by their retention times compared to those of authentic samples and by 1H NMR spectroscopy (Bruker Avance 360 instrument, CDCl3 solutions). Ru(II)-hydrides were identified in solution by their 1H and 31P NMR spectra (Bruker AV360 instrument, Bruker (Billerica, MA, USA) recorded in D2O solutions. Chemical shifts (δ, ppm) were referenced to 3-(trimethylsilyl)-1-propanesulfonic acid Na-salt, DSS (1H NMR) and to 85% H3PO4 (31P NMR).



Catalytic hydrogenation of diphenylacetylene: In a typical reaction, 2 mL of 0.2 M aqueous buffer (NaH2PO4/Na2HPO4) containing 10.4 mg (0.069 mmol) NaI was purged with H2 for 15 min at room temperature. 6.6 mg (0.0069 mmol) [{RuCl(mtppms-Na)2}2(µ-Cl)2] and 8.1 mg (0.020 mmol) mtppms-Na were dissolved in this solution and the reaction mixture was heated to 50 °C. Depending on the actual pH, the characteristic purple color of [RuHI(mtppms-Na)3] or yellow color of cis,fac-[RuH2(H2O)(mtppms-Na)3] developed in about 3 min. At this point, 0.5 mmol of diphenylacetylene dissolved in 1 mL of toluene was added and the mixture was stirred further vigorously for 3 h. Samples withdrawn from the organic phase of the reaction mixture were passed through a small silica plug and were analyzed by gas chromatography using the equipment described above with T(injector and detector) = 250 °C, T(oven) = 200 °C.



Catalytic hydrogenations of cinnamaldehyde were carried out with the same procedure under conditions of Figure 4, with 3 mL of Na-phosphate buffer as the aqueous phase. Samples were analyzed by gas chromatography using the equipment described above with T(injector and detector) = 250 °C, T(oven) = 130 °C isotherm (15 min), ramp to 200 °C (35 °C/min), hold at 200 °C (5 min).




4. Conclusions


In this work, we established that in acidic aqueous solutions, addition of NaI strongly increased the rate of hydrogenation of diphenylacetylene to Z-stilbene (and that of cinnamaldehyde to dihydrocinnamaldehyde) catalyzed by the water-soluble Ru(II)-complex with sulfonated phosphine ligands, [{RuCl(mtppms-Na)2}2(µ-Cl)2], 1. Conversely, in basic solutions, neither the reaction rate nor the product selectivity changed in the presence of NaI. 1H and 31P NMR measurements revealed that in acidic solutions, the rate changes were brought about by the change in the actual catalytic species, from [RuHCl(mtppms-Na)3], 2 to [RuHI(mtppms-Na)3], 5, in the absence and presence of NaI, respectively. In contrast, in basic solutions, the catalytically active Ru(II)-hydride was cis,fac-[RuH2(H2O)(mtppms-Na)3], 3, both in the absence and presence of NaI. It is suggested that the higher catalytic activity of the iodo-Ru(II)-hydride, 5, compared to its chloro-analogue, 2, may be due to easier formation of a putative dihydrogen complex, [Ru(H2)I2(H2O)P2] resulting in faster heterolytic activation of dihydrogen. This iodide effect extends the pH region of high Z-selectivity by about 3 pH units and provides an example of the importance of metal-halide moieties [39] in transition-metal organometallic catalysis.
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Scheme 1. Hydrogenation of diphenylacetylene. 
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Scheme 2. Hydrogenation of cinnamaldehyde. 
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Figure 1. Conversion of the hydrogenation of diphenylacetylene as a function of the pH in the absence (●) and presence of NaI (●). Conditions: [{Ru(mtppms-Na)2}2(µ-Cl)2] = 6.6 mg (6.79 × 10–3 mmol Ru), mtppms = 8.1 mg (2.03 × 10–2 mmol), alkyne = 0.5 mmol, P(H2) = 1 bar, V(toluene) = 1 mL, V (0.2 M aqueous Na-phosphate buffer) = 2 mL, T = 50 °C, t = 3 h. 
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Figure 2. Product distribution in the hydrogenation of diphenylacetylene as a function of the pH in the absence (A) and in the presence (B) of NaI. Conditions: (A) [{Ru(mtppms-Na)2}2(µ-Cl)2] = 6.6 mg (6.79 × 10–3 mmol Ru), mtppms = 8.1 mg (2.03 × 10–2 mmol), alkyne = 89.1 mg (0.5 mmol), P(H2) = 1 bar, V(chlorobenzene) = 1 mL, V(0.2 M aqueous Na-phosphate buffer) = 2 mL, T = 50 °C, t = 3 h. (B) Same as A, but with addition of 6.79 × 10–2 mmol NaI, and 1 mL of toluene instead of 1 mL chlorobenzene. ●● Z-stilbene; ▲▲ E-stilbene; ♦♦ 1,2-diphenylethane. 
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Figure 3. Distribution of the various Ru(II)-hydride species formed in aqueous solutions of [{RuCl(mtppms-Na)2}2(µ-Cl)2], 1 + mtppms-Na under H2, as a function of pH in the absence (red, A) and in the presence (purple, B) of NaI, determined by 1H NMR (open symbols) and 31P NMR spectroscopy (filled symbols). [RuHCl(mtppms-Na)3], 2 (●,◯); [{RuH(mtppms-Na)2}2(µ-Cl)2], 6 (♦,⋄); [RuHI(mtppms-Na)3], 5 (●); cis,fac- [RuH2(H2O)(mtppms-Na)3], 3 (▲,△,▲). Conditions: A) [Ru] = 2.4 × 10−2 M, [mtppms-Na]/[Ru] = 3, T = 50 °C, P(H2) = 1 bar,; B) same as A but with [NaI] = 0.2 M. The pH of solutions for spectral measurements were adjusted by appropriate amounts of HCl and KOH. 
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Figure 4. Yield of 3-phenylpropanal in hydrogenation of cinnamaldehyde catalyzed by [{RuCl(mtppms-Na)2}2(µ-Cl)2], 1 + mtppms in the absence (●) and presence of NaI (●). Conditions: [Ru] = 3.3 × 10−3 M, [mtppms-Na]/[Ru] = 10, [alkyne]/[Ru] = 40, T = 80 °C, P(H2) = 1 bar, t = 1 h, V(0.2 M aqueous Na-phosphate buffer) = 3 mL; [NaI] = 0 M (●) or 33 × 10–3 M (●). 
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Figure 5. Suggested general mechanism of alkene hydrogenation catalyzed by [RuHX(mtppms-Na)3], in acidic aqueous solutions (X = Cl or I). 
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