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 Dispersion Makes the Diﬀerence: Bisligated Transition States Found for the Oxidative Addition of Pd(PtBu3)2 to Ar-OSO2R and DispersionControlled Chemoselectivity in Reactions with Pd[P(iPr)(tBu2)]2 Eirik Lyngvi,†,‡,§ Italo A. Sanhueza,†,‡,§ and Franziska Schoenebeck*,† †
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 ABSTRACT: The manipulation of the steric nature of ligands is a key design principle in organometallic reactivity. While general intuition assumes steric eﬀects to be repulsive, recent reports counterintuitively suggested that highly crowded hydrocarbon molecules may be stabilized more strongly than their less bulky analogues as a consequence of dispersion interactions. With the objective of investigating the signiﬁcance of such attractive intramolecular dispersion forces in organometallic catalysis, we herein studied the eﬀect of dispersion on the accessible geometries and reactivities for two trialkylphosphine ligands of diﬀerent sizes in Pd-catalyzed cross-coupling reactions: i.e., L = PtBu3 and its smaller analogue L = P(iPr)(tBu2). Those methods that account well for dispersion (e.g., ωB97XD, B3LYP-D3) allowed the ﬁrst location of bisphosphine-ligated transition states for the oxidative addition of Pd0L2 to aromatic C−O bonds, involving the bulky and widely employed ligand L = PtBu3. DFT methods without dispersion gave rise to dissociation of one phosphine ligand in all cases examined. To probe whether dispersion may even be a reactivity-controlling factor, we also examined the favored site selectivity of the reaction of Pd0L2 with 4-chlorophenyl triﬂate, for which the selectivity has previously been shown to be dependent on the ligation state of the reactive palladium species. Various DFT methods (PBE, B3LYP, M06L) and basis sets and diﬀerent solvent models (COSMO-RS, CPCM) were assessed. While for Pd(PtBu3)2 dispersion-free and dispersion-containing methods predicted the monophosphine pathway via PdL and reaction at C−Cl to be favored, striking diﬀerences were observed for Pd[P(iPr)(tBu2)]2. Dispersion-free DFT predicted C−OTf addition by Pd[P(iPr)(tBu2)]2 to be disfavored by ΔΔG⧧ ≈ 20 kcal/mol, despite being experimentally accessible. In stark contrast, the involvement of dispersion adequately described the selectivity. The attractive dispersion forces of the crowded trialkyl substituents are therefore a key controlling factor in the competition between mono- and bisligated pathways.
 
 ■
 
 INTRODUCTION Desired reactivities and selectivities of transition-metalcatalyzed reactions are generally achieved through the manipulation of the steric and electronic properties of the employed phosphine ligands.1 In this context, the ideal ligand is frequently identiﬁed as a result of elaborate screening approaches. However, owing to enormous developments in computing power, methods, and software, the employment of computational tools in the prediction and design of ligands is gaining increasing signiﬁcance.2,3 In particular, the implementation of dispersion in DFT has been a tremendous methodological advance.4 As a result, several experimental reactivity phenomena could at last be explained with computational means.5 These include the ﬁndings by Schreiner, Fokin, and co-workers that only dispersion-corrected DFT methods could explain their experiments, counterintuitively indicating that bulky tBu3 groups increased the overall stability of hydrocarbons via attractive tBu-intramolecular H- - -H dispersive interactions.6−8 In an organometallic context, Ahlquist © XXXX American Chemical Society
 
 and Norrby found dispersion to be crucial in describing [Pd(PPh3)n] complexes,9 and Harvey and Fey suggested that dispersion-corrected DFT would perform better in the quantitative reproduction of kinetic data.10 However, several recent reports also indicated potential overestimations of dispersion.11 As part of our interests in studying and designing organometallic reactivities,12 we recently began to explore the role and accuracy of dispersion. We hypothesized that the computational evaluation of trialkylphosphine ligands may be aﬀected by dispersion, i.e. accessible geometries and favored pathways might deviate as a consequence of the bulky hydrocarbon ligands potentially becoming “attractive” with dispersion rather than repulsive, as would otherwise be expected on the basis of steric interaction. Received: November 27, 2014
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 ligation state of the reactive Pd species (which in turn is inﬂuenced by the nature of the ligand).16 We initially examined whether the ligation-state-dependent selectivity would also hold if dispersion-corrected methods were utilized, as the previous examinations had not involved dispersion. Thus, we calculated the transition states for oxidative addition to C−Cl and C−OTf by the model complexes Pd(PMe3)n (with n = 1, 2), employing CPCM (THF) PBE0-D3/6-311+G(d)//ωB97XD/6-31G(d) (with LANL2DZ for Pd). In accord with dispersion-free DFT methods, preferential addition of the monoligated PdPMe3 to C−Cl (ΔΔG⧧ = 2.5 kcal/mol) and bisligated Pd(PMe3)2 to C−OTf (ΔΔG⧧ = 9.2 kcal/mol) was calculated, conﬁrming the site selectivity probe to be valid (see also Figure S1 in the Supporting Information). To search for a bisligated transition state for the full ligand PtBu3, DFT calculations were performed with Gaussian 09,17 applying two diﬀerent methods that account well for dispersion: i.e., ωB97XD and B3LYP-D3. Geometry optimizations were done with the basis sets 6-31G(d) and LANL2DZ for Pd or def2-SVP. For both methods we were able to locate transition states for the oxidative addition to the C−OTf bond that resembled two ligands at the reactive palladium center.18 This was successfully accomplished for both basis sets, 6-31G(d)/LANL2DZ and def2-SVP. A representative geometry is illustrated in Figure 1. The crucial geometric bond distances of the located TSs are also given.
 
 One of the most widely employed and very bulky trialkylphosphine ligands is PtBu3.13 It exhibits a relatively large cone angle of 182°,14 and this ligand would hence constitute a stern test for the evaluation of attractive dispersion forces. All previous attempts15 to locate bisligated transition states (TSs) for the oxidative addition by [Pd0(PtBu3)2] with dispersion-free DFT methods have so far been unsuccessful: one phosphine ligand always dissociated and oxidative addition occurred instead via the monoligated palladium species [Pd0(PtBu3)].15 This was ascribed to steric repulsion of the bulky phosphine ligands. We herein investigated the inﬂuence of dispersion on the oxidative addition of the bisligated palladium species Pd0(PtBu3)2 and its smaller analogue Pd0[P(iPr)(tBu2)]2 to 4-chlorophenyl triﬂate (1). We chose 1 as a test system, as the site selectivity is dependent on the ligation state in this case.12a,13c,16 It is therefore an ideal probe to correlate the computational ﬁndings versus experimental data (Scheme 1). Scheme 1. Objective of the Study and Test System To Investigate the Role of Dispersion in the Ligation State Controlled Site Selectivity
 
 Speciﬁcally, our objective was to test whether dispersion might allow us to locate a bisligated TS and, if so, to assess whether dispersion could become a selectivity-controlling factor in favoring the bisligated over the monoligated pathway due to attractive dispersion forces between the trialkyl substituents of the phosphine ligands.
 
 ■
 
 RESULTS AND DISCUSSION Can Bisligated Oxidative Addition Transition States Be Located with Dispersion for the Very Bulky L = PtBu3? Previous experimental studies established that subjecting Pd2(dba)3/PtBu3 (1/1 Pd/P ratio) to 4-chlorophenyl triﬂate (1) under typical Suzuki cross-coupling conditions led to exclusive functionalization at the C−Cl site in THF at room temperature.12a,13c Calculations with “standard” DFT methods previously showed that this selectivity is consistent with the monoligated palladium complex Pd0PtBu3 as the reactive species.12a,16 The origin of selectivity was found to be predominantly due to the lower distortion energies associated with reaction at the C−Cl site. In contrast, bisligated Pd species added preferentially to the C−OTf site as a result of greater interaction.16 Importantly, previous analyses showed that the selectivity was not directly dependent on the nature of the ligand but instead on the
 
 Figure 1. Crucial geometric features of bisligated TSs.
 
 The transition states all featured a concerted C−O bond cleavage and C−Pd bond formation via a three-membered arrangement, in analogy to transition states previously calculated for oxidative additions in the absence of dispersion and with smaller ligands.12a,16 Thus, dispersion has no signiﬁcant impact on the TS arrangement with respect to cleaving and forming bonds, although there are deviations in the precise extent of bond cleavage/formation. The ωB97XDoptimized TSs exhibit Pd−O and C−O distances shorter than those obtained from B3LYP-D3 optimization (Figure 1). Moreover, the geometries obtained from transition state optimizations with B3LYP-D3 show a slightly larger basis set dependence for the bonds highlighted in red in Figure 1 in comparison to those obtained with ωB97XD. Moreover, shorter Pd−P distances resulted with B3LYP-D3.19 B
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 The transition states optimized with ωB97XD featured relatively long palladium phosphine distances (∼3 Å) (see Figure 1, entries 1 and 2). We therefore set out to examine the extent of bonding interactions between the phosphine ligands and the palladium center. For two atoms to be considered bound to each other, the “quantum theory of atoms in molecules” (QTAIM) requires a unique bond path (bp) as well as a bond critical point (bcp).20 This approach has frequently been applied to study the extent and nature of bonding in organometallic complexes.21 We performed a QTAIM analysis for all transition states using Multiwfn.22 Bond critical points and bond paths between palladium and the two phosphorus atoms (assigned as PA and PB in Figure 1) were obtained for all transition states, suggesting that both phosphine ligands are interacting with the palladium center in the located transition states.23 Figure 2 shows the calculated contour map of the
 
 Figure 3. Bisligated TSs for the oxidative addition of Pd(PtBu3)2 to Ph-OTf (top) and Ph-OTs (bottom), calculated with B3LYP-D3 (top) or ωB97XD (bottom) with 6-31G(d)/LANL2DZ (for Pd). Figure 2. QTAIM analysis of TS1bis‑OTf, located with dispersion corrected DFT (entry 1, Figure 1).
 
 for the reaction with 1. The competing, lowest energy reaction pathways constitute the oxidative addition of bisligated Pd(PtBu3)2 to C−OTf versus the addition of monoligated PdPtBu3 to C−Cl.12a,16 For the monoligated pathway, dissociation of one phosphine ligand from the Pd0(PtBu3)2 resting state prior to oxidative addition is required. This can potentially occur by two diﬀerent mechanisms: i.e., a dissociative or an associative pathway (see Scheme 2).10 The dissociative mechanism involves loss of one ligand (PtBu3) to generate the monoligated Pd0 complex (PdPtBu3) that subsequently undergoes oxidative addition via TSmono, while the associative pathway loses the ligand through displacement by an arene to give intermediate Int1 in a single step (Scheme 2). Our results show that calculations with dispersion (PBE0D3) favor the associative pathway, forming Int1 via TSass (Figure 4, top). In contrast, calculations without dispersion (PBE0) highly disfavor the associative pathway, and Int1 is preferentially formed by a dissociative mechanism (Figure 4, bottom).10 Importantly, no matter whether dispersion is included or not, the oxidative addition represents the highest energy (and therefore selectivity-determining) point for test system 1. Investigation of the Predicted Site Selectivity for the Oxidative Addition of PdL2 to 1 with L = PtBu3. Having established the favored reaction pathways, we subsequently evaluated the predicted selectivity (ΔΔG⧧) between C−Cl (TSmono‑Cl) versus C−OTf (TSbis‑OTf) addition, using a variety of methods and basis sets. Figure 5 illustrates the eﬀect of dispersion (blue) versus no dispersion (green) for selected DFT methods on the predicted ΔΔG⧧ value for the 6-
 
 electron density for TS1bis‑OTf (for entry 1, Figure 1) with located bcps (blue dots) and bps (brown lines). Contour maps for all other TSs (entries 2−4) are given in the Supporting Information (Figure S3). The topological properties for the crucial bonds were also calculated (see Table S1 in the Supporting Information). These data suggest that the bonding interactions are intermediate in character (ionic with some covalent character), which is typical for metal−ligand bonds.24−26 These data strongly support the bisligated nature of the located transition states. We also reoptimized all bisligated TSs with “dispersion-free” DFT methods, applying B3LYP and PBE0 with the split basis set 6-31G(d)/LANL2DZ (for Pd). In all cases dissociation of one phosphine ligand was observed.15d To investigate the generality in substitution pattern at the aromatic ring, we also searched for TSs derived from addition of Pd0(PtBu3)2 to aromatic C−(pseudo)halogen bonds. We were unable to locate bisphosphine transition states for aryl halides but successfully located TSs for addition to PhOTf (i.e., without the Cl in the 4-position as in 1) and also for an aryl tosylate (Ph-OTs; see Figure 3). Again, these TSs could only be located when methods with dispersion were employed, highlighting the importance of attractive dispersion forces to stabilize these geometries. Impact of Dispersion on the Favored Reaction Pathway for the Oxidative Addition of PdL2 to 1 with L = PtBu3. We next studied whether dispersion may also impact the favored ligation state and thus overall site selectivity C
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 Scheme 2. Proposed Pathways for Oxidative Addition
 
 Figure 5. Predicted selectivity (ΔΔG⧧) for C−OTf versus C−Cl addition for L = PtBu3 for CPCM (THF) DFT/6-311+G(d) with LANL2DZ (for Pd), with (blue) and without (green) dispersion, in kcal/mol.
 
 on the free energy diﬀerences, giving a drop of up to 30 kcal/ mol in predicted ΔΔG⧧. Considering the remarkably small energy diﬀerence between bis- and monoligated pathways at M06L (ΔΔG⧧ = 3 kcal/mol), it seems reasonable to assume that it might even be possible to force the reaction pathway into a bisligated one, if the conditions are tuned accordingly.41 However, in our previous experiments with test substrate 1 under standard Suzuki crosscoupling conditions in THF with Pd(PtBu3)2 (3 mol %) in the presence of excess phosphine ligand, we had only observed C− Cl functionalization, in accord with the reactivity of a monoligated Pd0PtBu3 as the catalytically active species.27 In contrast, the sterically slightly less bulky ligand P(iPr)(tBu2) gives a reversal in selectivity upon an increase of the number of equivalents of phosphine ligand (see below for further discussion).27 Does this mean that there is an overestimation of dispersion forces? To explore this further, we evaluated the inﬂuence of basis set and solvent model on the predicted selectivities. It is challenging to accurately account for dispersion in solution. 9 a, 28,29 The COSMO-RS solvation model was suggested to treat the latter interaction more adequately by accounting for solute−solvent dispersion eﬀects through surface-proportional terms.30,28a Thus, we also considered the energy diﬀerence (ΔΔG⧧) between the monoligated and bisligated pathways with COSMO-RS. Figure 6 presents the results. The COSMO-RS solvation model predicts slightly larger ΔΔG⧧ values relative to the CPCM results but still signiﬁcantly smaller selectivity diﬀerences (ΔΔG⧧) relative to “dispersion-free” DFT. We next investigated the eﬀect of the basis set. The 6311+G(d) basis set had been used in Figures 5 and 6, and the calculated predictions could potentially be a result of basis set errors, especially basis set superposition errors (BSSE).31 If large, BSSEs could lead to an overstabilization of TS1bis‑OTF, hence aﬀording artiﬁcially small ΔΔG⧧ values. We therefore also examined the eﬀect of the basis sets def2-TZVP and the large def2-QZVP that have previously been suggested to give
 
 Figure 4. Favored reaction pathways for oxidative addition with dispersion (D3-corrected) (top) and without (bottom), calculated at CPCM (THF) PBE0/6-311+G(d)//ωB97XD/6-31G(d) with LANL2DZ (for Pd). The dissociative pathway is shown in black and the associative pathway in blue. Free energies (ΔG) are given in kcal/ mol.
 
 311+G(d) basis set and application of solvation corrections for THF (CPCM). Dispersion was found to have a dramatic eﬀect D
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 consequence of artiﬁcial stabilization of the bisligated pathway due to BSSEs. With all data clearly indicating that a monoligated pathway is favored for oxidative addition, we also examined the predicted selectivity (ΔΔG⧧) for C−Cl vs C−OTf addition for the monoligated pathway arising from oxidative addition by PdPtBu3. Figure 8 gives the predicted ΔΔG⧧ values for TSmono‑Cl vs TSmono‑OTf, calculated with a variety of methods using the solvation model COSMO-RS (for THF).
 
 Figure 6. Predicted selectivity (ΔΔG⧧) for C−OTf versus C−Cl addition for L = PtBu3 for COSMO-RS (THF) DFT/6-311+G(d) with LANL2DZ (for Pd), with (blue) and without (green) dispersion.
 
 smaller BSSEs.32 Figure 7 gives a summary of the computed ΔΔG⧧ values for three diﬀerent basis sets, comparing 6-31G(d) Figure 8. Predicted selectivity (ΔΔG⧧) for C−OTf versus C−Cl addition for L = PtBu3, with and without dispersion; calculated at COSMO-RS (THF) DFT/def2-QZVP.
 
 The selectivity trends predicted by most methods (dispersion corrected or not) are in agreement with the experimentally observed selectivity, favoring oxidative addition to the C−Cl bond. However, the dispersion-corrected data show in some cases ΔΔG⧧ values that are too small to be 100% selective for C−Cl and for B3LYP-D3 and even a wrong selectivity prediction (Figure 8). Given that free energies were considered, errors associated with the frequency calculations may potentially play a role.32 Hence, we also compared the selectivity prediction on the basis of the electronic energies (ΔΔE⧧; Figure 9) between TSmono‑Cl
 
 Figure 7. Evaluation of eﬀect of basis set on the predicted selectivity (ΔΔG⧧ in kcal/mol) for C−OTf versus C−Cl addition relative to monoligated pathway for L = PtBu3, for COSMO-RS (THF) and selected DFT methods.
 
 with def2-TZVP and def2-QZVP, using the solvation model COSMO-RS. The corresponding (and largely analogous) results for CPCM are presented in the Supporting Information (Figure S4). Calculations with the 6-31G(d) basis set predict relatively small ΔΔG⧧ values (6−10 kcal/mol), similar to the results obtained with 6-311+G(d) in Figure 6. Within the Ahlrich basis set series, the predicted ΔΔG⧧ values were slightly larger, approximately 11−14 kcal/mol with def2-TZVP, and increased by another 1 kcal/mol with the larger def2-QZVP basis set. This basis set dependence was found to be independent of the solvation model employed. These results are in line with our previous experimental observations: i.e., the bisligated pathway cannot likely be adopted experimentally. Thus, these calculations suggest that the small ΔΔG⧧ value predicted above (in Figure 5) may predominantly be a
 
 Figure 9. Predicted selectivity (ΔΔE⧧) for C−OTf versus C−Cl addition for L = PtBu3, with and without dispersion, calculated at COSMO-RS (THF) DFT/def2-QZVP. E
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 and TSmono‑OTf, predicting results in better agreement with experiments. Standard (dispersion-free) DFT methods qualitatively predicted the selectivities correctly in all cases. Investigation of the Predicted Site Selectivity for the Oxidative Addition of PdL2 to 1 with L = P(iPr)(tBu2). We subsequently extended our studies to the slightly less bulky analogue P(iPr)(tBu2) (cone angle 175°).14 Our group recently established that for this ligand the ligation state of the reactive Pd species may be altered.27 With PdL2 as catalyst, exclusive reaction with C−Cl was obtained in Suzuki cross-coupling reactions with 4-chlorophenyl triﬂate (1) in THF at room temperature. However, addition of a 10-fold excess of L = P(iPr)(tBu2) relative to PdL2 led to a complete selectivity reversal with exclusive C−OTf functionalization, in accord with a Pd bisphosphine species being reactive. This system should therefore furnish as an ideal additional test system to further probe the role of dispersion as a selectivity-controlling factor. In contrast to the case for L = PtBu3, for the oxidative addition of PdL2 to 1 with L = P(iPr)(tBu2) we successfully located bisligated transition states for the oxidative addition to C−OTf and C−Cl with (ωB97XD) and without dispersion (PBE0). In addition, for this ligand, the predicted selectivity preference was C−Cl addition for the reaction of PdL and C− OTf addition for the reaction of PdL2. However, in terms of the relative energy preference of the monoligated versus the bisligated pathway, we once again saw a striking eﬀect of dispersion. Figure 10 presents the calculated selectivity
 
 ligation state of the reactive palladium species and hence the overall site selectivity. In conclusion, using DFT methods that account well for dispersion, we successfully located the ﬁrst bisphosphine transition states for the oxidative addition of Pd0(PtBu3)2 to activated aromatic C−O bonds. These transition states cannot be located with standard DFT methods, indicating that attractive H- - -H interactions6,7 may also be of importance for bulky hydrocarbon substituents of phosphine ligands. Extension of studies to the slightly smaller ligand analogue P(iPr)(tBu2) revealed that the same attractive dispersion interactions are a selectivity-controlling factor in monophosphine- versus bisphosphine-ligated pathways, with strikingly diﬀerent selectivity predictions observed, depending on whether dispersion was accounted for or not. Overall, this study manifests the crucial role of dispersion in organometallic reactivity. In the context of ligand design, such attractive dispersion forces of bulky aliphatic ligand substituents may therefore be considered as an additional guiding design principle, together with the well-established parameters to correlate steric and electronic inﬂuences of ligands, such as the Tolman cone angle θ,1,14a percent buried volume (%Vbur),33 and the CO stretching frequency of [Ni(CO)3(L)] complexes.14a
 
 ■
 
 COMPUTATIONAL DETAILS
 
 Figure 10. Predicted selectivity (ΔΔG⧧) for C−OTf versus C−Cl addition for L = P(iPr)(tBu2), with and without dispersion, calculated at COSMO-RS (THF) DFT/def2-QZVP.
 
 ■
 
 ASSOCIATED CONTENT
 
 All geometries were optimized in the gas phase using dispersioncontaining methods such as B3LYP34-D335 and ωB97XD36 with the basis sets 6-31G(d) and an eﬀective core potential (ECP) for Pd (LANL2DZ37) or def2-SVP, unless stated otherwise. Frequency calculations were performed at the same level of theory and were used to verify the nature of the stationary point as either a transition state or minimum. Transition states were further veriﬁed by following the intrinsic reaction coordinate (IRC) pathways. Single-point energies have been calculated and compared using a range of methods, with or without dispersion corrections, and various basis sets, including 6311+G(d), def2-TZVP, and def2-QZVP. The solvent models COSMO-RS and CPCM have been used to describe the solvation inﬂuence of THF. COSMO-RS values were obtained with COSMOtherm.38 Input ﬁles for COSMOtherm were prepared with Orca39 at 298 K with BP86/TZVP single-point calculations. D3 corrections have been employed using the original damping function.35 The standard state was converted to 1 M in solution (+1.89 kcal/mol). DFT calculations were performed using Gaussian 09 revision A.02 or D.01.17 ωB97XD optimizations and frequency calculations were calculated using Gaussian 09 revision A.02. B3LYP-D3 optimizations and frequency calculations were obtained using Gaussian 09 revision D.01. Likewise, single-point energies were calculated with Gaussian 09 revision D.01. Computational ﬁgures were created with CYLview.40 S Supporting Information *
 
 (ΔΔG⧧) between C−OTf (TSbis‑OTf) versus C−Cl (TSmono-Cl) addition. Dispersion-free DFT methods favor the pathway involving ligand dissociation and oxidative addition at C−Cl via a monoligated Pd species by 22−25 kcal/mol, which would not be in line with the observed experimental selectivity switch at a higher concentration of ligand. Inclusion of dispersion, on the other hand, gives a dramatic drop in ΔΔG⧧ of ∼0−4 kcal/mol, which would be within the expected range of a switchable site selectivity.41 Considering that this system also has signiﬁcant conformational freedom, this selectivity range can be considered acceptable. Overall, these results indicate that attractive dispersion forces between the alkyl substituents of the phosphine ligands are crucial in controlling the favored
 
 Text, ﬁgures, tables, and an xyz ﬁle giving computational information, additional structures, Cartesian coordinates of calculated species, and the full ref 17. This material is available free of charge via the Internet at http://pubs.acs.org.
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 NOTE ADDED AFTER ASAP PUBLICATION In the version of this paper that was published on December 11, 2014, there were errors in some of the formulas in Figure 4. In the version of the paper that appears as of December 12, 2014, the formulas are now correct.
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