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Abstract:  

The complex bis(tetrabutylammonium) trans-µ2:η2, η2-1,3-butadiene-bis(trichloroplatinate(II)), identified from its X-ray single crystal structure, is formed when tetrabutylammonium hexachloroplatinate(IV) is irradiated in solution. In principle, the complex can exist in one of four conformers (combining cis and trans-isomers of the butadiene and syn and anti-arrangements of the two PtCl3– moieties) and DFT calculations suggest that three of these ought to be stable in solution in CDCl3. However, dissolving the anti, trans-conformer (identified both from the crystallography and 13C{1H} MAS-NMR spectroscopy) in solution leads to the formation of a second conformer, identified by a combination of NMR experiments, in amounts that depend on the solvent used. Then, on standing in solution, a third species forms that contains a single PtCl3– moiety. The identification and interconversion of these various species are discussed.
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Introduction

Zeise's salt was one of the first organometallic complexes prepared nearly 200 years ago1 and yet since that time, the reactivity of alkene complexes of the Group 10 metals has remained hugely topical. For example, palladium mediates many commercial applications of the use of alkenes, while platinum was involved in very early examples of C–H activation chemistry2 and perhaps its most important catalytic application is in hydrosilylation chemistry where mechanistic questions still remain.3 Other, more contemporary areas of platinum -alkene catalysis relate to subjects such as hydroamination4 and cyclization reactions.5 As such and in the context of the utility of third-row congeners to provide mechanistic pointers, continued insights into aspects of stability and reactivity remain valuable and of direct interest to the wide research community in the area.

Thus, recently, we reported the very unexpected preparation of the anion trans-µ2:η2, η2-1,3-butadiene-bis(trichloroplatinate(II)) (Fig. 1), formed via photolysis of solutions of [NBu4]2[PtCl6] through a Shilov-type mechanism coupled with a Hoffmann elimination. We were able to determine its structure with precision for the first time using single crystal X-ray methods.4 Prepared as its potassium salt many years ago,6 its structure was proposed following a detailed study using infrared and Raman spectroscopy7 although a later crystallographic determination as its Me3EtN+ salt provided very little information.8 Thus, as shown in Figure 1, the butadiene is s-trans with an anti-arrangement of the PtCl3– moieties.

Despite the formally conjugated nature of its double bonds, the extent of delocalization in free butadiene is small. A combination of rotational spectroscopy and theory showed that in s-trans-butadiene the C=C bond is longer (1.338 Å) than the C=C bond in ethene by only 0.007 Å, while the C–C bond is shorter by 0.016 Å (at 1.454 Å) than that of a typical sp3-sp3 C–C single bond.5 Coordination, however, has a more profound effect on the bond lengths and, for example, a C=C distance of 1.403(7) Å and a C–C distance of 1.453(7) Å were found in 1. The comparison with the C=C bond distances in [Fe(CO)3(η4-butadiene)] (ca 1.4196 Å)11 and in Zeises's salt (1.375(4) Å)10 is interesting with extensive back-bonding in the former and very much less in the latter. If it is assumed that the extent of π-back bonding in Zeise's salt and in 1 are quite similar (which is entirely reasonable given the PtII oxidation state in both) then there is evidently much greater delocalization in the coordinated butadiene in 1 compared to the parent ligand.

[image: ]    [image: ]
Figure 1  Molecular structure of the [Cl3Pt(µ2:µ2-1,3-butadiene)PtCl3]2– dianion

While the anti, trans-conformer shown in Figure 1 was obtained consistently over several single crystal structure determinations, there are four possible conformers for this complex anion, some of which are found by NMR spectroscopy when the salt is placed into solution. The structure and occurrence of these conformers has been studied by a range of NMR methods supported by calculation, the results of which are now discussed.

Materials and Methods
[bookmark: _heading=h.gjdgxs]
Instrumentation

1H NMR spectra were recorded using either Jeol ECS400 and Jeol ECX400 spectrometers operating at 400 MHz, a Bruker Avance 500 MHz spectrometer, or a Bruker Avance Neo 700 MHz spectrometer equipped with a nitrogen-cooled cryoprobe. Solid-state 13C{1H} NMR spectra were acquired on a Bruker AVHDIII 400 MHz solids spectrometer (operating frequency 100.61 MHz for 13C) using a 4 mm probe. The magnetic field was referenced externally by recording the 13C{1H} spectrum of a sample of adamantane and setting the downfield resonance to  = 38.4 ppm. The samples were finely ground and packed between boron nitride plugs into a 4 mm ZrO2 rotor fitted with a Kel-F drive cap. Cross-polarization, magic-angle spinning experiments were used to measure the 13C{1H} spectra, which were processed using Bruker TopSpin 3.6.1 pl7.  Two-dimensional (1H, 1H) and (1H, 13C) spectra were recorded on the 700 MHz instrument at 298 K, and were referenced to the solvent signal. Selective TOCSY experiments (Bruker pulse program seldigpzs) used a DIPSI2 cycle and a mixing time of 120 ms. The 2D NOESY experiment used a mixing time of 2 s and a recycle delay of 3s, while the 1D selective NOESY experiments (Bruker pulse program selnogpzs.2) used a mixing time of 1.5 s and a recycle delay of 3 s. 195Pt{1H} and (1H, 195Pt) HSQC spectra were recorded on the 500 MHz spectrometer, and 195Pt-NMR spectra were referenced to K2[PtCl6] in D2O. Two-dimensional 195Pt-1H spectra were acquired using hmqcgpqf pulse program via heteronuclear zero and double quantum coherence with decoupling during acquisition using gradient pulses for selection. The processing of all spectra was carried out using either MestreNova or Topspin software.

Results and Discussion

[bookmark: _heading=h.30j0zll]The molecule 1,3-butadiene can exist as one of two conformers, s-trans and s-cis, and with two PtCl3– moieties bound, the normal modes of alkene coordination would allow for four different conformers with the two Pt centers coordinated to the same (syn) or opposite (anti) faces, respectively (Figure 2). As noted above, isolation and characterization by X-ray methods always gave a single conformer, anti, trans (Fig. 2, 1.1) whereas solution NMR spectroscopy (see below) showed evidence for other conformers. Therefore, as a first step to understanding conformational preference, the relative energies of the four conformers (1.1 to 1.4) were calculated.
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[bookmark: _heading=h.1fob9te]Figure 2 The conformers of platinum(II)-1,3-butadiene complexes

Quantum Chemical Calculations of the Different Conformers of Complex 1

In order to determine the energetically preferred species and obtain theoretical estimates of their properties, series of density functional theory (DFT) calculations on the conformers of the η2;η2-1,3-butadiene-bis(trichloroplatinate(II)) and 1,3-butadiene-trichloroplatinate(II) complexes were carried out using Gaussian 16.12

The geometries of the conformers were optimized at the PBE0-D3(BJ)/def2-TZVPP level of theory in chloroform, accounting for the solvent by means of the Gaussian 16 default self-consistent reaction field (SCRF) method, the polarizable continuum model (PCM) using the integral equation formalism variant (IEFPCM), with tighter convergence criteria, 'QConv=VeryTight' and 'SC=QConv=12'. Dispersion corrections were added through the empirical D3 corrections suggested by Grimme, with Becke-Johnson (BJ) damping; the def2-TZVPP basis includes effective core potentials (ECPs) for platinum and has been shown to work very well in the DFT context.13 All geometry optimizations were carried out under the 'VeryTight' convergence criteria; in all calculations use was made of the very dense 'SuperFine' integration grid. Analytical vibrational frequencies were calculated to ensure that the optimized geometries corresponded to local minima on the respective potential energy surfaces and to obtain the Gibbs free energies of the conformers. NMR shielding tensors were then calculated at the PBE0-GIAO/def2-TZVPP level of theory (PBE0 with gauge-including atomic orbitals), in chloroform, at the PBE0-D3(BJ)/def2-TZVPP optimized geometries in the same solvent. All optimized geometries and the corresponding isotropic NMR shieldings for all nuclei, which are related to their chemical shifts, are provided in the Supplementary Information. The geometry optimizations of the η2;η2-1,3-butadiene-bis(trichloroplatinate(II)) dianion produced three conformers, of the anti-trans- (1.1), anti-cis- (1.3) and syn-trans- (1.2) types. A preliminary smaller-basis PBE0-D3(BJ)/def2-SVP geometry optimization produced a fourth higher-energy syn-cis-conformer (1.4), but the PBE0-D3(BJ)/def2-TZVPP geometry optimization started from this syn-cis-conformer went back to the anti-trans-conformer (1.1), following rotation about the central carbon-carbon bond.

The optimized geometries for 1.1 to 1.3 in chloroform are shown in Figure 3, with the energies and geometric parameters being collected in Tables 1 and 2. The data, which will be considered again in the light of solution evidence from NMR spectroscopy, suggest that conformers 1.1 and 1.3 are the most stable and conformer 1.2 the least stable. Evidently the difference in stability between 1.1 and 1.2 arises from the electrostatic interactions between the charged moieties.
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Figure 3 PBE0-D3(BJ)/def2-TZVPP optimized geometries of conformers 1.1 – 1.3 in chloroform.

[bookmark: _heading=h.3znysh7]

Table 1: Energies, Gibbs free energies and lowest harmonic vibrational frequencies of conformers 1.1 – 1.3 (a = anti; s = syn, t = trans, c = cis) and of 1,3-butadiene-trichloroplatinate(II) conformers 2.1 and 2.2 calculated at the PBE0-D3(BJ)/def2-TZVPP level of theory in chloroform. Relative energies and Gibbs free energies of isomers 1.2 and 1.3 with respect to isomer 1.1, and of 2.2 with respect to 2.1, are also shown.
	Conformer
	E / Hartree
	[bookmark: _heading=h.2et92p0]ΔE / kJ mol−1
	G / Hartree
	ΔG / kJ mol−1
	ν / cm−1

	1.1 (a,t)
	−3155.576967
	0.0
	−3155.528730
	0.0
	36.4

	1.2 (s,t)
	−3155.570900
	15.9
	−3155.520447
	21.7
	34.4

	1.3 (a,c)
	−3155.574354
	6.9
	−3155.524525
	11.0
	53.1

	
	
	
	
	
	

	2.1 (t)
	−1655.722069
	0.0
	−1655.668939
	0.0
	70.3

	2.2 (c)
	−1655.717173
	12.9
	−1655.664708
	11.1
	46.8



[bookmark: _heading=h.tyjcwt]Table 2: Key bond distances and angles from the geometries of the conformers of 1.1 – 1.3 and of 2.1 and 2.2 optimized at the PBE0-D3(BJ)/def2-TZVPP level of theory in chloroform and from the crystal structure of isomer 1.1.
	Conformer
	r(Pt-C)/Å
	r(C=C)/Å
	r(C-C)/Å
	a (C=C-C)/°
	Torsion (C=C-C=C)/°

	1
(crystal structure)
	2.068
	1.423
	1.464
	120.7
	180.0

	1.1 (a,t)
	2.105/2.155
	1.400
	1.466
	123.5/122.9
	178.0

	1.2 (s,t)
	2.092/2.147
	1.405
	1.469
	121.8
	129.2

	1.3 (a,c)
	2.109/2.153
	1.397
	1.471
	126.5
	9.9

	
	
	
	
	
	

	2.1 (t)
	2.154/2.102
	1.331/1.403
	1.458
	122.4/124.4
	162.8

	2.2 (c)
	2.148/2.107
	1.328/1.400
	1.466
	124.7/125.3
	29.4



Theoretical results clearly identify the anti-trans conformers as the most stable ones, consistent with X-ray data, with small differences in ΔE and ΔG between 1.1 and 1.3, and with the energy difference with 1.2 arising mainly from electrostatic effects. For example, whereas 1.1 and 1.3 show torsion angles in the alkene unit close to those in trans- and cis-1,3-butadiene, respectively, the torsion angle in the syn-trans conformer 1.2 is 129.2°. The lowest harmonic vibrational frequencies of all conformers are small which suggests relatively flat potential energy surfaces around the optimal geometries.

As expected, the geometry optimizations of the 1,3-butadiene-trichloroplatinate(II) anion produced two conformers, involving trans- (2.1) and cis- (2.2) 1,3-butadiene moieties. The optimized geometries for 2.1 and 2.2 in chloroform are shown in Figure 4, with the energies and geometric parameters being collected in Tables 1 and 2.
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Figure 4 PBE0-D3(BJ)/def2-TZVPP optimized geometries of 1,3-butadiene-trichloroplatinate(II) conformers 2.1 and 2.2 in chloroform.

1H-NMR Spectra of Complex 1

1H NMR spectra (labelling scheme in Figure 5) of freshly dissolved complex 1 show that a mixture of species is present, regardless of the solvent used (Figure 6) and six signals are seen between 4 and 6 ppm, representing two different species. Deduced using coupling constants and multiplicities, the H(X, X’) protons have chemical shifts around 5.7 ppm, while H(A, A’) falls in the range 4.3-4.9 ppm, and H(M, M’) falls between 3.9 and 4.5 ppm. The ratio of the two species varies between solvents: it is approximately 100:30 in CDCl3, 100:8 in CD2H2, and 100:1 in acetone-d6.

[image: ]
Figure 5 Labelling of the hydrogen atoms used in the 1H NMR spectra assignment.
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Figure 6 1H NMR spectra (400 MHz) of 1 dissolved in (a) CDCl3; (b) CD2Cl2 (X = 13C satellites); and (c) acetone-d6, all plotted with the x-axis on the same scale.

The most abundant species (labelled A in Figure 6) shows a doublet at δ = 4.57 ppm with an apparent J = 7.0 Hz and another doublet at δ = 4.91 ppm with an apparent J = 12.9 Hz (the peaks are distorted due to the strong coupling of HX to HX’, so the true coupling constant cannot be measured directly from this spectrum). In addition, there is a complex, second-order multiplet at δ = 5.75 ppm. Similar chemical shifts and couplings are observed in the other solvents and are collected in Table 3.

The resonances at δ = 4.43 and 4.78 ppm (Figure 6b; CD2Cl2) show a broadening at their base associated with coupling to 195Pt (I = 1/2, ca 33%), while in Figure 6c in acetone -d6, this is better resolved; note that no coupling is apparent in CDCl3. From the acetone spectrum (Figure 6c), JPt–H(A) is approximately 58 Hz, while JPt–H(M) is evaluated at 65 Hz. These are rather similar to the value of 66.8 Hz found for Zeise's salt.14

Table 3: Chemical shifts () and apparent coupling constant (J) of the butadiene protons recorded
in CD2Cl2 at 295 K, acetone-d6 and CDCl3 at 298 K. 
	
	δ / ppm (CD2Cl2)
	δ / ppm (acetone-d6)
	δ / ppm (CDCl3)

	
	1.1
	1.3
	1.1
	1.3
	1.1
	1.3

	 (HX, HX’)
	5.53
	5.78
	5.67
	5.80
	5.75
	5.94

	 (HA, HA’)
	4.78
	4.30
	4.65
	4.19
	4.91
	4.48

	 (HM, HM’)
	4.43
	4.18
	4.28
	3.95
	4.57
	4.28

	
	Apparent J / Hz

	3J(HA, HX) = 3J(HA’, HX’)
	12.8
	13.2
	12.8
	13.2
	13.2
	13.5

	3J(HM, HX) = 3J(HM’, HX’)
	7.1
	7.6
	6.4
	7.6
	7.9
	8.5

	2J(HA, HM) = 2J(HA’, HM’)
	1.2
	Unseen
	1.2
	0.8 
	0.8
	0.3



To determine the conformation, the 3J(HX, HX’) coupling constant was measured using a (1H, 13C) HSQC experiment without decoupling in the direct dimension. As the most common isotopomers have 13C at only one site, the chemical equivalence between the two protons is broken and the multiplet is simplified. This gave 3J(HX, HX’) = 11.2 Hz, consistent with a trans geometry. The other coupling constants then represent 3JMX (7.9 Hz – cis coupling) and 3JAX (13.2 Hz – trans coupling). Evidence for the trans geometry is also provided by 2D NOESY data (Figure 7b), which show that HX protons are in close proximity to HA protons (more precisely, between HX and HA’, and between HX’ and HA). It is reasonable to assume that these signals correspond to the trans, anti-conformer (1.1), consistent with the most stable geometry in all of the calculations above and the conformer determined consistently by crystallography.

In CDCl3, the second set of signals (labelled B in Figure 6) are approximately 30% of the intensity of the first and again show two doublets (δ = 4.28, 4.48 ppm) and a second-order multiplet (δ = 5.94 ppm). The apparent coupling constants of the doublets are 7.5 and 12.7 Hz, respectively and from the coupled HSQC, the 3J(HX, HX’) coupling constant was measured to be 2.9 Hz, consistent with a cis geometry. Supporting this, no NOE is observed between HX and HA in the NOESY spectrum (Figure 7). Taking into account the energies calculated from DFT, this species most likely represents the cis, anti-conformer (1.3). The intensity of these signals precluded observation of coupling to 195Pt.

When the complex was stored in solution in the dark for 17 days, the ratio of the two species changed, and a number of new signals appeared (Figure 8; spectra recorded in CD2Cl2 and acetone-d6 are in the Supplementary Information) as Figure S3), suggesting that the original two species were converting into one or more additional forms. In order to determine the identity and conformation of the different species in solution, 1D and 2D NMR experiments were carried out on a sample dissolved in CDCl3. This led to the assignment shown in Figure 8.
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Figure 7: (a) Characteristic NOEs for the trans and cis conformations of butadiene; (b) 2D NOESY spectrum of complex 1 in CDCl3 at 298 K. The 1D proton spectrum is shown on each axis. Dashed boxes show the regions where (HX, HA’) and (HX’, HA) cross peaks could be observed for each species. Both possible cross peaks are present for species A (conformer 1.1), providing evidence for a trans conformation. No cross peaks are observed for species B (conformer 1.3), indicating a cis conformation. Species C shows 2 of the 4 expected cross peaks, suggesting a trans conformation. Note that the spectrum also shows evidence for slow exchange between states A and C, and that some negative cross peaks arise through a combination of exchange and NOE; (c) Regions from a high-resolution HSQC (without 13C decoupling during acquisition) of compound 1 in CDCl3. HX multiplets for conformer 1.1 (left) and 1.3 (right) are shown, together with couplings. The presence of a single 13C in the molecule breaks the symmetry of the two HX sites, allowing simple multiplets to be observed and couplings measured.
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Figure 8: 1H NMR spectrum of complex freshly dissolved in CDCl3 after storage as a solid. The most abundant species is labelled A, the next most abundant as B, the newly formed state is C.

The additional signals in the stored samples can be divided into two groups. One set (marked * in Figure 8) give no signals in 2D spectra and cannot be assigned. However, selective TOCSY and COSY spectra show that six of the new peaks (Species C in Figure 8) originate from a single species (Figure 9, Figure S4). All of these signals are simple multiplets, suggesting they represent a conformation of the complex in which all protons have distinct chemical environments. The relative concentration of the three states started at a ratio A : B : C of 68.5 : 21.9 : 9.6, but after further ageing had changed to 56.5 : 18.6 : 24.8, which is global terms is a loss of A in favor of formation of C., with relatively little net change in B.

The chemical shifts and couplings for the minor species are tabulated below (Table 4). The HX2, HA2 and HM2 hydrogens have similar chemical shifts to the same hydrogens in the other states, but the chemical shifts of the hydrogens assigned as HX1, HA1 and HM1 have increased by approximately 1 ppm.

[image: Alex fig 2a v3]
Figure 9: 1H NMR spectrum of complex 1 in CDCl3 at 298 K in black, followed by selective TOCSY spectra (arrows indicate the excitation frequency).

Table 4: Chemical shifts (δ) and coupling constant (J) of the minor species recorded in CDCl3 at 298 K.
	
	δ / ppm
	
	J / Hz

	A1
	5.81
	X1-A1
	17.1

	M1
	5.53
	X1-M1
	10.0

	X1
	6.41
	X1-X2
	10.5

	A2
	4.48
	A1-M1
	1.6

	M2
	4.34
	X2-A2
	13.1

	X2
	5.61
	X2-M2
	7.0



The data collected suggest that the unsymmetric conformer most likely represents a trans-like conformation of butadiene. Thus, the 3J(X1, X2) coupling of 10.5 Hz is more similar to the 11.2 Hz 3J(X, X’) coupling in the symmetric trans, anti-conformer 1.1 than to the 2.9 Hz coupling in the cis, anti-conformer 1.2. In addition, 1D and 2D NOESY spectra (Figure 7, Figure S5) show weak NOEs between protons X2 and A1, and between X1 and A2, although these are only just above the noise level and are partly missing in the 2D experiment. However, no NOEs are observed between X1 and X2 or between A1 and A2, as would be predicted for a cis conformation. It should be noted that the NOESY also shows slow exchange between the unsymmetric conformer and the most populated trans, anti-conformer, causing the appearance of cross peaks which represent exchange plus NOE.

The asymmetry of the third state implies that the equivalence of the two ethenyl units is broken and so to investigate further, 13C chemical shifts of the three states were compared to literature data. Poor signal-to-noise prevented direct measurement of this spectrum and so a projection of the HSQC onto the 13C axis is shown as Figure 9. 

These data show that for one half of the minor species C, the 13C chemical shifts are similar to those of the identified anti, trans- (A, 1.1) and anti, cis- (B, 1.3) conformers, while for the other two carbons they increase dramatically by roughly 50 ppm. Comparison with the literature shows that the terminal =CH2 carbon of free butadiene has a chemical shift of 117.5 ppm in CDCl3, whereas the other =CH– carbon has a shift of 138.1 ppm – extremely close to the experimental values of 117.0 and 140.1 ppm in the above spectrum.15 The 1H chemical shifts associated with these down-field shifted carbons are also increased, but do not match those of the free diene as precisely: the measured values are 5.53 ppm (M1), 5.81 ppm (A1) and 6.41 ppm (X1) against values of 5.06, 5.16 and 6.27 ppm for the free diene. Thus, it is proposed that Species C has lost a PtCl3– unit to form the unsymmetric monoanion 2 shown in Figure 10 and it is then likely that two PtCl3– units come together to form the dimeric dianion [Pt2Cl6]2– as there is no evidence of decomposition to Pt metal in these stored solutions. Calculations (vide supra) suggest that the trans-isomer is more stable than the cis, which is consistent with the experimental data from the NMR experiments.
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Figure 9 (a) 13C projection of HSQC spectrum of aged complex 1 in CDCl3. Only the region between 4 ppm and 6.5 ppm in the proton dimension was used for the projection. Peaks marked with * do not show coupling in COSY spectra and cannot be assigned; (b) 1H spectrum of a solution-aged sample of 1 at 700 MHz in CDCl3 showing evidence of coupling to 195Pt for hydrogen M2 and X2 and its absence for A1, X1 and M1.
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Figure 10 Proposed structure of the unsymmetric complex C, consistent with the observed NMR data.

Support for this proposal comes from two observations. First is that on ageing a solution of 1 in acetone-d6, over time significant quantities of 2 are generated and so a 1H NMR spectrum was recorded at 700 MHz (Figure 9b). Here it was possible to observe coupling to 195Pt for M2 and X2 (A1 and A2 are masked by overlapping) while there is evidently no coupling to 195Pt for M1 and X1, thus supporting the proposed identity of 2. Owing to the possibility for interaction with the 6pz and 5dz2 orbital, the chemical shift in complexes of PtII is very solvent-dependent. The Pt in [Pt2Cl6]2–resonates is found at  = –1171 ppm in D2O and  = –1164 ppm in CD2Cl2. Recording the 195Pt NMR spectrum of the same aged solution showed a resonance at  = –1072 ppm, which is attributed as the dimeric chloro-bridged complex.

195Pt NMR 

The spectra, recorded in acetone-d6, are shown in Figures 11 and 12. The 1-D spectrum clearly showed a signal at δ = −2521 ppm, while the two-dimensional spectra revealed another signal at δ =−2591 ppm. The chemical shift at −2521 ppm correlated to the hydrogen resonances at δ = 5.6, 4.6 and 4.4 ppm thus it was assigned to the platinum in conformer 1.1 while the signal at −2591 ppm correlated with hydrogens resonating at δ = 5.8, 4.3 and 4.1 ppm that corresponded to the platinum in conformer 1.3. The shifts are in the range expected for olefin-platinum(II) complexes (−2370 to −3640 ppm)12 and are very similar to that found for Zeise’s salt was reported to be in the range δ = −2791 to −2743 ppm depending on the cation and the solvent used.16-18
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Figure 11: 195Pt{1H} NMR spectrum (107 MHz) of the complex 1 in acetone-d6 at 298 K.

[image: ]
Figure 12: 2D 195Pt-1H NMR spectra (107 MHz) of the complex 1 in acetone-d6 at 298 K.



13C{1H} MAS-NMR Spectra

In the course of the study of 1, the complex was prepared on many occasions and the X-ray single crystal structure was determined several times with the anti, trans-conformer always being found. However, while the NMR spectra acquired above used materials that had been crystallized and found to be pure by combustion analysis, it was not absolutely possible to be sure that these crystalline materials also contained 1 as a single, anti, trans-conformer. This is potentially important for as noted above, on dissolution and recording of 1H NMR spectra, at least two conformers are immediately apparent in solution and the possibility that the crystalline (as opposed to single-crystalline) material contains more than one conformer cannot be excluded. Therefore, crystalline material from three different preparations, portions of which had been used in solution NMR experiments, were combined and the solid-state 13C{1H} NMR spectrum was acquired (Figure 13).

At a rate of 10 kHz, the spinning speed is greater than the anisotropy of each environment in the complex and so the spectrum does not exhibit side bands and is readily interpreted. It shows a collection of resonances in the approximate range δ = 15-30 ppm for three of the alkyl carbons of the NBu4+ cation and another resonance at δ ≈ 60 ppm corresponding to the methylene of the butyl group next to the quaternary nitrogen. There are then two resonances at δ = 65.11 ppm and δ = 86.57 ppm that correspond to the bound butadiene ligand, with the former resonance being assigned as arising from the terminal methylene carbon and the other the internal methine carbon. This assignment is consistent with the chemical shifts in [Fe(CO)3(cis-butadiene)] which are 41.96 and 85.86 ppm for the methylene and methine hydrogens, respectively.19 The presence of a single set of signals is consistent with the presence of a single conformer as found by X-ray crystallography.

Spectra were also acquired at two other spinning speeds (3 and 4 kHz), in which spinning side bands were observed. These spectra are found in the Supplementary Information.
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Figure 13 13C{1H} MAS-NMR spectrum (100.6 MHz) of 1 at a spinning speed of 10 kHz.

Discussion

As noted earlier, in an unusual photochemically induced process, [NBu4]2[PtCl6] reacts to extrude a C4 unit from the cation, reduce the PtIV to PtII and hence form the complex that is the subject of this work, namely trans-µ2:η2, η2-1,3-butadiene-bis(trichloroplatinate(II)) – 1. On crystallization on multiple occasions, single crystal X-ray methods showed that the solid state of this complex is found as the trans, anti-conformer (1.1), despite the possible existence of three other conformers. Studied by DFT methods, only two of the other three conformers appeared stable in solution (trans, syn – 1.2 and cis, anti – 1.3), with the sterically crowded cis, syn-conformer (1.4) rotating during minimization to give 1.1. The calculated stabilities in chloroform were 1.1 > 1.3 > 1.2. Characterization of the crystalline complex by 13C{1H} MAS-NMR spectroscopy also shows only conformer 1.1.

On dissolution in CD2Cl2, CDCl3 or acetone-d6, 1H NMR spectroscopy immediately shows the presence of two distinct species, whose relative proportions depends on the solvent used, being most abundant in CDCl3 (100:30) and least abundant in acetone-d6 (100:1). By analyzing the measurable couplings and complementing these data with NOESY experiments, it was possible to identify the more abundant conformer as having a trans-geometry of the butadiene fragment and informed by the calculated relative stabilities, this was assigned as the trans, anti-conformer 1.1. The same NMR experiments identified the other species as having a cis arrangement of the butadiene and with calculations implying that the cis, syn-conformer (1.4) was unstable with respect to 1.1, then the second species was identified as the cis, anti-conformer 1.3. At no point in this work was there evidence for the formation of 1.2 and while some spectra did show small amounts of other material in solution, the signals were insufficiently intense to identify them.

However, while the identities of the two species formed on dissolution of the crystalline material are clear enough, what is not clear is how conformer 1.3 forms seemingly so readily from 1.1.

It was then observed that on standing over several days on solution, extra signals appeared in the 1H NMR spectra of solutions of 1 of which six were more intense. Three of these signals appeared at chemical shifts similar to the hydrogens of conformers 1.1 and 1.3, but the others, while similar in appearance, were shifted downfield by ca 1 ppm. COSY and selective TOCSY experiments showed that all six hydrogens belonged to the same species. Acquisition of the 13C spectrum via an HSQC experiment then showed that while the chemical shifts of the carbon atoms associated with the higher-field set of signals were as expected for an η2-alkene complex of PtII, the chemical shift of the other two carbons was reminiscent of free butadiene. This led to the assignment of the new species (2) as butadiene with only one of its double bonds bound to a PtCl3– moiety, the other having dissociated. NOESY spectra implied a trans geometry for the double bond, which is consistent with the calculations above, which predicted the trans form (2.1) being more stable than the cis (2.2).

What the NMR spectra also showed was that there was a slow exchange between 1.1 and 2, and 1.3 and 2 and also 1.1 and 1.3. It is perhaps these observations that give a clue to the formation of 1.3 on dissolution of crystalline 1.1 and ultimately of 2. Thus, simple rotation about the formal C–C single bond in 1.1 would lead to the conformer 1.4, which calculation suggests is unstable in chloroform. However, were that rotation to take place, then a species akin to 1.4 would be approached which would be sterically extremely crowded. The steric strain would be most easily relieved by rotation in the opposite direction (effectively a libration about the C–C bond), but conceivably the strain could also be relieved if a PtCl3– unit were to dissociate. Such a dissociation could have two consequences. First, dissociation could be total, which would lead to the formation of 2 and [Pt2Cl6]2–, detected as noted above, while another possibility is that while still in an intimate state, what is now complex 2 could isomerize its butadiene backbone before the PtCl3– moiety re-coordinates to form 1.3. Thus, the re-coordination would be consistent with the observed direct exchange between 1.1 and 1.3 perhaps suggesting that the in intermediate state of 2 plus 'PtCl3–' the species remain in intimate contact. Exchange between 2 and both 1.1 and 1.3 would then reflect the alternative pathway where PtCl3– 'escapes' during this process forming 2, suggesting that perhaps the intermediate direct exchange between 1.1 and 1.3 may imply that there are two closely related mechanisms. Interestingly, what is in effect an equivalent reverse reaction was observed by Steinborn et al., who showed that the dimeric anion [Pt2Cl6]2– was cleaved by alkynes (as opposed to the alkene in this paper) to give monomeric species [PtCl3(2-alkyne)]–.20 Furthermore, it may well be the case that this exchange and isomerization of 1.1 is promoted by the solvent binding to the vacant coordination site on PtCl3– unit as on dissolution, the amount of 1.3 relative to 1.1 is solvent-dependent, decreasing as CDCl3 > CD2Cl2 > acetone-d6. 

To probe this aspect further and as detailed in the Supplementary Information, the loss of a PtCl3– moiety from 1.1 is calculated to be endergonic by ca 78 kJ mol–1, which is reduced to 62.0 kJ mol–1 if the PtCl3– is stabilized by binding (through Cl) of a molecule of CHCl3. Of course, the complete reaction also sees formation of [Pt2Cl6]2– which is enthalpically and entropically favorable, but despite this the overall Gibbs free energy change remains positive, reducing only slightly to 53.9 kJ mol–1. In reality, while these calculations were performed in a CHCl3 solvent field, it is possible that there are some quite specific discrete solvent-solute interactions at play that we are unable to capture with the current standard computational approach and so we draw no conclusions from these calculations.

Conclusion

While reported many years ago, the diplatinum(II) complex trans-µ2:η2, η2-1,3-butadiene-bis(trichloroplatinate(II)) (1) was characterized fully very recently having been formed in a photochemically initiated reaction between the NBu4+ cation and [PtCl6]2–. A study of 1 by 1H, 13C and 195Pt NMR spectroscopy and supported by DFT calculations, shows that of the four possible conformers (1.1 to 1.4), only three are likely to exist in solution. While X-ray single crystallography and 13C{1H} MAS-NMR spectroscopy show the presence of a single conformer (anti, trans – 1.1) in the solid state, 1H NMR spectroscopy shows both 1.1 and 1.3 (identified by selective decoupling and 2D experiments) in solution. The relative proportions of 1.1 and 1.3 are dependent on the solvent used (greatest amount of 1.3 in CDCl3 and then CD2Cl2 with the least observed in acetone-d6). Then, with time, a new species appears with six different hydrogens. This is assigned to a trans-butadiene with one PtCl3– moiety coordinated (2), identified one the basis of 1H and (particularly) 13C chemical shifts, and by the observation of coupling to 195Pt in only one half of the molecule. A mechanism for the formation of 1.3 from 1.1 and form formation of 2 is proposed, supported by the observation of exchange processes in 2D NMR experiments. It is anticipated that this insight will be of wider interest and benefit to those concerned with mechanistic aspects of platinum and palladium chemistry.
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