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a b s t r a c t Addition of excess CF3CO2H (HTFA) to [Rh2Pt2(CO)7(PPh3)3], I, under nitrogen results in the formation of a salt (X2+ Y2 ), which contains only the second example of a di-cationic carbonyl hydride tetra-nuclear cluster, [H2Rh2Pt2(CO)7(PPh3)3]2+, X2+, and a presently partially characterized polymetallic anion Y2 . The di-cation X2+ has been characterized by mass spectrometry and a variety of multinuclear NMR methods. Since there is no difference in the electron count for I and X2+, it is probable that both I and X2+ adopt similar butterﬂy metallic frameworks with a Rh–Rh hinge; in X2+, there are two bridging hydrides to the same wing-tip Pt but the phosphine site occupancies on the Rh2Pt2-framework in I and X2+ are different. Ó 2009 Elsevier B.V. All rights reserved.



1. Introduction Cationic carbonyl clusters containing hydride ligands directly attached to metals become less well known as either/both: the positive charge on the cluster increases, or/and the size of the cluster increases. The H-site occupancy in transition metal carbonyl clusters is extremely difﬁcult to predict and, although H is often extremely ﬂuxional in solution, it is often possible to obtain VT NMR data, especially for clusters which contain a NMR active nucleus (e.g. 31P, 103Rh), which elucidates both the H-site occupancy in the static structure and the exact pathway(s) of H-migration. For tri-nuclear carbonyl clusters, there are a number of monocationic homo- [1] and hetero-metallic [2] clusters containing hydride ligands and fewer examples of di-cationic clusters [1a,3]. They have usually been prepared by protonation of the neutral complex with acids containing a weakly coordinating anion (e.g. [CF3CO2] , [SO4]2 ). Early attempts [4] to protonate [M4(CO)12] (M = Rh, Ir) with H2SO4 (98%) resulted in decomposition when q This paper celebrates the 65th birthday of Paul Pregosin and the enormous contributions he has made in using/developing 1 and 2D multinuclear NMR methods in Inorganic Chemistry. * Corresponding authors. Tel.: +44 151 794 3524; fax: +44 151 794 3540 (B.T. Heaton), tel.: +7 812 4284028; fax: +7 812 4286939 (S.P. Tunik). E-mail addresses: [email protected] (B.T. Heaton), [email protected] (S.P. Tunik).



0020-1693/$ - see front matter Ó 2009 Elsevier B.V. All rights reserved. doi:10.1016/j.ica.2009.03.045



M = Rh but, when M = Ir, 1H NMR suggested the formation of [H2Ir4(CO)12]2+. This is the only example, to our knowledge, of a tetra-nuclear di-cationic carbonyl cluster containing H-bonded to the metal, although there are examples of mono-cationic analogues [5]. For higher nuclearity clusters, it is possible to form hydrido homo-metallic, rhodium carbonyl clusters by protonation of the corresponding anionic cluster with an acid containing weakly coordinating anions, but there are no reported examples of cationic high nuclearity hydride containing clusters [6]. Progressive addition of acid to multi-anionic clusters allows the formation of clusters with an increasing number of hydrides but, even with excess acid, protonation usually stops before the formation of the neutral hydrido carbonyl cluster e.g. [HxRh13(CO)24](5 x) (x = 1, 2, 3, 4, x – 5) [7]. However, some multi-anionic clusters, e.g. [NiRh14(CO)28]4 and [NiRh13(CO)25]5 , cannot be protonated in this way [8]. H-site occupancies in carbonyl clusters are difﬁcult to predict, e.g. in the closely related homo-metallic clusters, [HM6(CO)15] (M = Co, Rh), the H-site occupancy is very different; an interstitial hydride is found when M = Co [9] but when M = Rh the hydride occupies a terminal site on the Rh6-octahedron [10]. Predicting the site occupancy on protonation of hetero-metallic clusters is even more complicated because of the possibility of rearrangement
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of the metallic framework and the different H-preferences for different metals. We now report that addition of excess CF3CO2H (HTFA) to [Rh2Pt2(CO)7(PPh3)3], I, under nitrogen results in the formation of a complex salt X2+Y2 which contains a tetra-nuclear di-cationic hydrido carbonyl cluster, [H2Rh2Pt2(CO)7(PPh3)3]2+ X2+, and a presently partially characterized polymetallic, anion; X2+ is only the second example, to our knowledge, of a tetra-nuclear di-cationic hydrido carbonyl cluster.



Pt



[Rh2Pt2(l-CO)3(CO)4(PPh3)3], I, reacts readily with a 10-fold excess of triﬂuoroacetic acid in chloroform to give a complex salt X2+Y2 . On addition of the acid, the reaction mixture darkens but no decomposition is observed. Under Schlenk conditions, the solution can be kept for a few weeks without appreciable decomposition, however, exposure of the reaction mixture to air results in slow decomposition to give an insoluble precipitate along with some re-formation of I. The analogous reaction with HX acids containing non-coordinating anions (X = BF4 , PF6 ) does not lead to the formation of X2+Y2 . The complex contains X2+, the second example of a di-cationic hydrido tera-nuclear carbonyl cluster, and a presently poorly characterized anion but in view of the fact that X2+Y2 is not formed in the presence of HX (X = BF_{4}^{-}, PF6 ), it seems probable that the Y2 anion is a derivative of I with two CO’s replaced by CF3CO2 , vide infra. The exact composition of the di-cation, X2+, has been established by positive ion ESI mass spectroscopy and by 1H, 31P{1H}, 31P COSY and 31P{103Rh} HMQC NMR spectroscopy. The ESI+ mass spectrum (Fig. 1) contains one main signal centered at 1579 m/e. Both the position of this signal and its isotopic



Fig. 1. The ESI+ mass spectrum of the reaction mixture X2+Y2 , resulting from addition of HTFA (10 equiv.) to a solution of I in CDCl3 under N2. Inset shows the structure of main signal (bottom) and simulation (top) of the isotopic pattern of [HRh2Pt2(l-CO)3(CO)4(PPh3)3]+.
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Scheme 1. Schematic representation of: (a) the structure of Rh2Pt2(l-CO)3(CO)4(PPh3)3, I, [11], (b) the {(l-H)2Rh2Pt2(PPh3)3}-fragment in X2+, (c) the proposed structure of [H2Rh2Pt2(l-CO)3(CO)4(PPh3)3]2+.



pattern correspond exactly to the singly-charged ion, [HRh2Pt2(CO)7(PPh3)3]+. The observation of a mono-protonated species is attributed to proton dissociation from the parent cation [H2Rh2Pt2(CO)7(PPh3)3]2+, in the methanol solution used in the mass spectroscopic measurements since NMR evidence unequivocally establishes X2+ as a di-protonated species, vide infra. A few other weak signals are also observed in the ESI+ mass spectrum, one of which corresponds to loss of a carbonyl ligand (1551 m/e, M+–CO), while the others can be assigned to impurities. ESI+ mass spectroscopy under different cone voltages allows the number of CO’s to be established and shows a typical CO fragmentation pattern (see Fig. S11) consistent with the presence of seven carbonyl ligands, viz [HRh2Pt2(CO)7(PPh3)3]+. Addition of protons to the metal framework does not change the electron count of a cluster, thus it is reasonable to assume that X2+ will have a metal framework similar to I. The structure of the tetra-nuclear platinum-rhodium cluster I has been determined previously and is shown schematically in Scheme 1a [11]. Thus, the di-cationic species, probably consists of a butterﬂy Rh2Pt2framework, containing three phosphine ligands, see Scheme 1c. A detailed NMR spectroscopic analysis of X2+ is entirely consistent with this suggestion. Thus, in addition to the expected phenyl multiplets (6.5– 8.5 ppm) of the PPh3’s, the 1H NMR spectrum of X2+ (Fig. 2) contains two equally intense complex multiplets in the hydride region ( 11.2 and 11.8 ppm) (see Fig. 2) both of which show coupling to 195 Pt, 103Rh, and 31P, establishing the presence of two hydride ligands in X2+. The magnitudes of the couplings to 195Pt (1J(Pt–H) ca. 452 and 447 Hz) are signiﬁcantly less than those typically found for terminal hydrides in mono-nuclear platinum complexes (e.g. 1 J(Pt–H)>900 Hz in both cis-[(dcype)PtH(PPhH  BH3)] and cis[(dcype)PtH(PPh2  BH3)] [12]) and are more in-keeping with the 1 Index S denotes materials in Supporting Information ﬁle. Supporting information for this article is available on the WWW under http://www.— or from authors.
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Fig. 2. The observed and simulated 300 MHz 1H NMR spectrum of [H2Rh2Pt2(l-CO)3(CO)4(PPh3)3]2+ generated from I and a 10-fold excess of HTFA in CDCl3 at 25 °C. (a) Observed 300 MHz 1H NMR spectrum, (b) Schematic (stick) simulation of the 1H NMR spectrum. dH1 11.2 ppm: 1J(H1Pt2) = 452 Hz, 1J(H1Rh1) = 16 Hz, 2J(H1PB) = 8 Hz, 2 J(H1PC) = 10 Hz, 2J(H1Pt1) = 36 Hz; dH2 11.8 ppm: 1J(H2Pt2) = 447 Hz, 1J(H2Rh2) = 17 Hz, 2J(H2PC) = 8 Hz, 2J(H2PA) = 46 Hz, 2J(H2Pt1) = 33 Hz.



Fig. 3. The selectively decoupled 300 MHz 1H{31P} NMR spectra of X2+Y2 . Arrows above the 31P NMR spectrum show the corresponding decoupling frequency. () denotes a signal of admixture.



values found for bridging hydrides in bi- and poly-nuclear platinum-containing complexes [2,13–16]. Two bond couplings to 195 Pt are also resolved in the 1H NMR spectrum, 2J(Pt–H) (36 and 32 Hz) values an order of magnitude smaller than 1J(Pt–H), and in-keeping with the values found for the bridging hydrides in ‘‘Ru2Pt2” clusters [15], which have a very similar stereochemistry of the coupled nuclei to that proposed for X2+. The other couplings in the 1H NMR spectrum of X2+ were assigned by selective 1H{31P} decoupling measurements (Fig. 3). Thus, the hydride resonance at 11.8 ppm shows a relatively large



coupling to the phosphorus signal at d(P) = 32.6 ppm, 2J(H2PA) = 46 Hz and a lower coupling to the resonance at 17.2 ppm, 2 J(H2PC) = 8 Hz; the hydride resonance at 11.2 ppm shows couplings to the phosphorus resonances at d(P) = 25.3 and 17.2 ppm, 2 J(H1PB) = 8 Hz and 2J(H1PC) = 10 Hz, respectively, (Scheme 1b, Fig. 3b). The hydrides are clearly located on the RhPt-edges indicated and, although it is difﬁcult to be sure of the exact orientation of the hydrides with respect to the Rh1Rh2Pt2-triangle (see Ref. [9]), it is obvious that the dication, X2+, under study is asymmetric, which must induce different dispositions of the bridging hydrides
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PB: 1J(Rh1–PB) = 118 Hz, 2J(Pt1–PB) = 31 Hz, 2J(Pt2–PB) = 100 Hz, J(Pc–PB) = 103 Hz. The spectroscopic pattern simulated on the basis of these couplings is shown in Fig. 5. It has to be noted that the simulation also includes 2J(Rh1–PC) = 10 Hz in order to better simulate the signal of PB shown in Fig. 5. The one bond Rh1–PB coupling is clearly visible and the value of this coupling constant is very similar to those found in analogous clusters [11]. Direct support for Pc–PB coupling comes from the 31P COSY spectrum of X2+ (Fig. S3) which shows a single 31P–31P correlation connecting the resonances at 25.3 (PB) and 17.2 (PC) ppm, 3J(PB– PC) = 103 Hz, consistent with a trans–trans conﬁguration of these phosphorus nuclei about the metal–metal vector. For example in the parent cluster I, the analogous three bond coupling, 3J(P–P) is 127 Hz [11]. The absence of correlations in the COSY spectrum between PA and PB, and between PA and PC must be due to an unfavorable (cis–trans or cis–cis) stereochemical arrangement of these phosphines on the cluster core, Scheme 1b. The difference in two bond platinum–phosphorus coupling constants can be also explained on the basis of the proposed stereochemistry of the di-cation, viz the cis- and trans-dispositions of Pt1 and Pt2 with respect to PB, respectively. The 13C NMR spectrum of the reaction mixture, Fig. S4, is complicated by severe overlap in the terminal CO region of the resonances due to X2+ and those of the anion. Signals are present in both the terminal (180–192 ppm) and edge-bridging (220– 250 ppm) regions but we have been unable to make a detailed assignment. We suggest that the triangular {Rh2Pt(l-CO)3}-fragment found in I remains unchanged in X2+ and the two remaining edges of the Rh2Pt2-butterﬂy framework in I, which were not bridged by CO’s, become occupied by hydride ligands in X2+. This proposal is completely in line with structural trends observed in other similar carbonyl-hydride clusters [2,15,17]. All these observations are in good agreement with the structure of the {Rh2Pt2(PPh3)3}-fragment shown Scheme 1c, where the stereochemistry of the phosphine ligands is closely related to the structure of analogous neutral Pt2M2-clusters (M = Ir [18] and Co



about the Rh1Rh2Pt2-triangle. These variations, together with the present inability9 to predict whether or not any of the hydrides are coplanar with the Rh1Rh2Pt2-triangle, must result in angular and bond lengths differences for the hydrides as shown by the different spin–spin coupling patterns. Both hydrides are split into doublets by rhodium, 1J(H1Rh1) = 16 Hz and 1J(H2Rh2) = 17 Hz. Taken in conjunction with the 1J(PtH) coupling observed for each hydride ligand, these observations unequivocally establish that the hydride ligands occupy different Pt–Rh edges of the {Rh2Pt2(PPh3)3(l-H)2}-fragment in X2+ and that the phosphine ligands are disposed as shown in Scheme 1b. The values of all the coupling constants are given in the legend to Fig. 2. The 31P{1H} spectrum of the reaction mixture resulting from the addition of HTFA to I displays ﬁve resonances in the range 15– 35 ppm, Fig. 4. Three of these resonances, viz d(P) = 32.6, 25.3 and 17.2 ppm, PA, PB, and PC, respectively (see Scheme 1), are equally intense and show couplings to the hydride ligands, (vide supra) and so can be assigned to the di-protonated di-cationic species, X2+. This arrangement of the phosphine ligands on the metal skeleton can be deduced from the 31P{103Rh} HMQC spectrum (Fig. S2) and from the platinum satellites associated with these resonances. Thus, correlations between the rhodium nucleus at 45 ppm (Rh2) and the PA resonance (1J(Rh2–PA) 130 Hz) and between Rh1 at 215 ppm and PB (1J(Rh1–PB) 118 Hz) are observed in the 31P{103Rh} HMQC spectrum conﬁrming these ligands are bound to rhodium. The presence of 195Pt satellites on the 31P resonance of PC, with a characteristic one bond Pt–P coupling constant of 2915 Hz, establishes coordination of PC to a platinum atom. Conversely, platinum satellites for the resonances of PA and PB display two bond couplings between phosphorus and platinum The coupling pattern of the resonance due to PA is clearly discernable in the spectrum, 2J(Pt2PA) = 270 Hz – the intensities within the multiplet 1:5:5:1, rather than the expected 1:4:4:1, indicates accidental overlap of the inner line of the satellite with the main peak. The coupling pattern of the resonance due to PB is more complicated (see Fig. 5) and can be attributed to the following couplings to
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Fig. 4. The 121.2 MHz 31P{1H} NMR spectrum of [H2Rh2Pt2(l-CO)3(CO)4(PPh3)3]2+, in CDCl3 at 25 °C. Schematic (stick) simulation of the signals is shown above the corresponding resonances, dPA = 32.6, 1J(Rh2–PA) 130 Hz, 2J(Pt2PA) = 270 Hz, data for PB and PC are given in caption to Fig. 5. () denotes a signal of admixture.
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Fig. 5. Expansion of the PB signal (top) and simulation pattern (bottom) obtained using the following set of parameters: dPB = 26.3 ppm, dPC = 18.1 ppm; 1J(PBRh1) = 118 Hz, 2 J(PBPt2) = 100 Hz, 2J(PBPt1) = 31 Hz, 1J(PCPt2) = 2915, 2J(PCRh1) = 10 Hz, 3J(PBPC) = 103 Hz. For numbering see Scheme 1c.



[19]). This structural pattern differs from I (see (a) in Scheme 1) [11] and Ir2Pt2(CO)7(PPh3)3 [18], which contain two phosphines attached to two different platinum atoms and the third phosphine is attached to Ir vertex. Thus, protonation of I results in migration of a phosphine on platinum to a hinge-edge rhodium. It is also worth noting that, in contrast to I, which is extremely ﬂuxional, X2+ is stereochemically rigid; there is no indication of any dynamic process in the 31P, 13C or 1H NMR spectra. The anion has proven less amenable to characterization. The signals at d(P) = 35.5 (2PD) and 17.0 (1PE) ppm) in the 31P{1H} NMR spectrum, attributed to the anion, have a total intensity equal to the total 31P intensity of X2+. This is conﬁrmed by the 1H NMR spectrum in which integration of the phenyl resonances against the hydrides indicates the presence of six PPh3 ligands in X2+ Y2 ; we have shown above that X2+ contains three PPh3’s, leaving three for the anion. Both resonances clearly display one bond couplings to platinum, 1J(Pt–PD) = 4800, and 1J(Pt–PE) = 2850 Hz and PD clearly shows an additional two bond coupling, 2J(Pt– PD) = 183 Hz, unequivocally establishing that this species contains at least two Pt centers. The absence of any resolved 2J(Pt–P) coupling for PE may reﬂect an unfavorable (cis–trans or cis–cis) stereochemical disposition of this phosphine to the remote Pt. Similarly, the absence of resolved coupling to rhodium may reﬂect the disposition of the phosphine ligands with respect to a putative Pt–Rh bond or the poor resolution of the resonances due to the anion.



coordinating anions, does not occur, which suggests that the anion in X2+Y2 may contain I with coordinated CF3CO2 anions in place of CO. 4. Experimental 4.1. General [Rh2Pt2(l-CO)3(CO)4(PPh3)3] I, was synthesised according to the previously published procedure [11]. Commercial grade triﬂuoroacetic acid, HTFA, (Aldrich) was used as received. All solvents were dried over appropriate reagents and distilled prior to use. The protonation reactions were carried out under dry argon or nitrogen using standard Schlenk techniques. Electro-spray ionization (ESI+) mass spectra were measured on a Micromass LST Mass Spectrometer. 4.2. NMR measurements 1 H, 1H{31P}, and 31P{1H} NMR spectra of X2+Y2 were recorded on a Bruker DPX 300 instrument. HMQC measurements were carried out as described previously [20]. Chemical shifts were referenced to residual solvent resonances and external 85% H3PO4 in the 1H and 31P{1H} spectra, respectively. Phase-sensitive 31P COSY NMR spectra were recorded using the standard Bruker pulse program, COSYPH.AU, on a Bruker AM 500 instrument.



3. Conclusion Protonation of the neutral cluster [Rh2Pt2(CO)7(PPh3)3], I, with HTFA results in the formation of a salt, X2+Y2 , which contains only the second example of a di-cationic hydride tetra-nuclear cluster [H2Rh2Pt2(CO)7(PPh3)3]2+, X2+, and a presently partially characterized anion. The di-cation, X2+, has been characterized by mass spectrometry and a variety of multinuclear NMR methods. The metal skeleton in both I and X2+ are assumed to be the same, since both have the same electron count, and both the phosphine and hydride connectivities in X2+ to the Pt2Rh2-butterﬂy framework have been established by NMR measurements; the metal attachment of the phosphines in I and X2+ are different (see (a) and (c) in Scheme 1). A similar reaction of I with acids, containing non-



4.3. Preparation of samples for NMR and mass spectroscopic measurements The 1H and 31P NMR spectra of X2+Y2 were obtained by addition of HTFA (10 ll; 0.13 mmol) to a solution of [Rh2Pt2(l-CO)3(CO)4(PPh3)3], I (20 mg; 0.013 mmol) in CDCl3 (0.6 ml) in a 5 mm NMR tube. The color of the solution changed immediately from red to blood-red. A TLC spot test showed complete consumption of the starting cluster, I. The samples for selective 1H{31P} measurements were prepared in a similar manner using I (40 mg; 0.026 mmol) and HTFA (20 ll; 0.27 mmol). The 31P COSY and 31 103 P{ Rh} HMQC NMR spectra were recorded in 10 mm NMR tubes (4 ml of CDCl3) using the following amounts of reagents: I/
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HTFA (50 mg; 0.032 mmol)/(25 ll; 0.34 mmol) and (90 mg; 0.057 mmol)/(70 ll; 0.94 mmol), respectively. After dilution with methanol the latter solution was also used for the ESI mass spectroscopic studies. Acknowledgements
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