Received 00th January 20xx,Curtin Institute for Functional Molecules and Interfaces (CIFMI) and School of Molecular and Life Sciences (MLS), Curtin University, Bentley, Perth WA, 6102, Australia.
Centre for Microscopy, Characterisation and Analysis (CMCA), M310, University of Western Australia, 35 Stirling Highway, Perth, WA 6009, Australia.
Department of Chemistry, University of York, Heslington, York, YO10 5DD, UK.
Electronic Supplementary Information (ESI) available: Full computational data; 1H, 13C, 19F, COSY, H2BC, HMBC, HSQC, NOESY NMR spectra; full crystallographic data; shape analysis; kinetic data and rate constants for polymers with targeted Mn of 5k.  See DOI: 10.1039/x0xx00000x

Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x


A (2-(Naphthalen-2-yl)phenyl)rhodium(I) Complex formed by a Proposed Intramolecular 1,4-Ortho-to-Ortho’ Rh Metal-atom Migration and its Efficacy as an Initiator in the Controlled Stereospecific Polymerisation of Phenylacetylene
Nicholas Sheng Loong Tan,a Gareth L. Nealon,*b Jason M. Lynam,*c Alexandre N. Sobolev,b Mark I. Ogden,a Massimiliano Massia and Andrew B. Lowe*a
	Please do not adjust margins


ARTICLE
ARTICLE	Journal NamePlease do not adjust margins
Please do not adjust margins

Journal Name	 ARTICLEPlease do not adjust margins
Please do not adjust margins

[bookmark: OLE_LINK2]The synthesis of a novel Rh(I)-aryl complex is detailed and its ability to serve as an initiator in the stereospecific polymerisation of phenylacetylene evaluated.  Targeting the Rh(I) species, (2-phenylnaphthalen-1-yl)rhodium(I)(2,5-norbornadiene)tris(para-fluorophenylphosphine), Rh(nbd)P(4-FC6H4)3(2-PhNapth), following recrystallization we obtained the isomeric (2-(naphthalen-2-yl)phenyl)rhodium(I) complex, Rh(nbd)P(4-FC6H4)3(2-NapthPh), as determined by X-ray crystal structure analysis. The isolation of the latter species was proposed to occur from the target (2-PhNapth) derivative via an intramolecular 1,4-Rh atom migration. This supposition was supported by density functional theory (DFT) calculations that indicated the isolated (2-NapthPh) derivative has lower energy (-19 kJ mol-1) than the targeted complex. The structure of the isolated (2-NapthPh) species was confirmed by multinuclear NMR spectroscopy including 2D 31P-103Rh{1H, 103Rh}, heteronuclear multiple-quantum correlation (HMQC) experiments; however, NMR analysis indicated the presence of a second, minor species in solution in an approximate 1:4 ratio with the 2-NapthPh complex. The minor species was identified as a second structural isomer, the 3-phenylnaphthyl derivative, proposed to be formed under a dynamic equilibrium with the 2-NapthPh derivative via a second 1,4-Rh atom migration. DFT calculations indicate that this 1,4-migration proceeds through a low-energy pathway involved in the oxidative addition of a C-H bond to Rh followed by a reductive elimination with the distribution of the products being thermodynamically controlled. The recrystallized Rh(nbd)P(4-FC6H4)3(2-NapthPh) complex was subsequently evaluated as an initiator in the polymerisation of phenylacetylene (PA); gratifyingly, the Rh(I) species was an active initiating species with the pseudo-first-order kinetic and molecular weight evolution vs time plots both linear implying a controlled polymerisation while yielding (co)polymers with low dispersities (Ð = Mw/Mn typically ≤ 1.25) and high cis-transoidal stereoregularity (> 95 %). Typical initiation efficiencies, while not quantitative (as judged by size exclusion chromatography), were nonetheless high at ca. 0.8.  The presence of the minor 3-phenylnaphthyl species when in solution is proposed to be the cause of the observed non-quantitative initiation.
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Introduction
Poly(phenylacetylene)s (PPAs) are an important subset of conjugated materials with application in areas as diverse as antistatic coatings, corrosion protection, gas sensing, electrochromic displays, electrocatalysis and as artificial muscles.1 PPAs have long attracted attention in the academic community due to their impressive oxidative stability, solubility in common organic solvents and ease of processing.
There is a significant volume of literature detailing the (co)polymerisation of phenylacetylene (PA), and a wide array of functional derivatives thereof, most commonly via the application of Rh complexes in conjunction with an appropriate co-catalyst.2-6 Rh species are particularly attractive in this application given their general low oxophilicity, high functional group tolerance and high activity at ambient temperatures thus facilitating ready access to a large number of interesting materials under facile conditions. However, while readily executed, (co)polymerisations initiated with catalysts such as [Rh(nbd)Cl]2 (nbd: 2,5-norbornadiene), typically in combination with an amine co-catalyst,  proceed in a non-controlled fashion, with low initiation efficiencies, yielding (co)polymers with broad molecular weight distributions, limited topology and of basic architecture.	
In contrast to the extensive literature describing the non-controlled (co)polymerisation of PAs there is a paucity of reports describing the controlled (co)polymerisation of this monomer class,7 and especially with readily isolable, distinct initiating complexes. At present, the best developed, or examined, Rh(I) species that serve as initiators in this target application are those reported by Masuda and co-workers, Figure 1 I for example.7-10 The common structural feature in these complexes is the presence of a –CPh=CPh2 ligand that serves as the initiating fragment (more specifically, such complexes are examples of Rh(I)-vinyl species with additional triarylphosphine and diene ligands with the latter most commonly, but not exclusively, being nbd). Under suitable conditions, Masuda-type species initiate the polymerisation of PA essentially quantitatively (as determined by size exclusion chromatography, SEC), with (co)polymerisation proceeding by a head-to-tail 2,1-insertion pathway yielding highly stereoregular cis-transoidal polymers with low dispersities (Ð = Mw/Mn).11-13 For example, Miyake, Misumi and Masuda8 described the synthesis and activity of two isolated Rh(I)-vinyl complexes, namely [Rh(CPh=CPh2)(nbd)P(4-XC6H4)3] (X = F or Cl). Both species mediated the (co)polymerisation of PA, under a range of experimental conditions, in a controlled manner with essentially quantitative initiation yielding polymers with reported Ðs as low as 1.05. The only additional requirement for effective control was the addition of at least five equivalents of free phosphine, P(4-FC6H4)3 in the case of  [Rh(CPh=CPh2)(nbd)P(4-FC6H4)3] for example, as a rate modifier. In the absence of added free phosphine, polymerisation yielded a polymer with a broad molecular weight distribution, i.e. Ð = ca. 1.50.


Figure 1. Examples of a Masuda triphenylvinyl Rh(I) derivative (I), a Tan -phenylvinylfluorenyl derivative (II) and a targeted 2-phenylnaphthyl Rh(I) species (III).
Intrigued by the limited number of isolated Rh(I) complexes detailed to mediate the controlled polymerisation of PA, and simple substituted derivatives, we recently initiated a program of research focussing on the synthesis and evaluation, as polymerisation initiators, of new Rh(I) complexes. In our first disclosure, we reported the preparation of three new Rh(I)--phenylvinylfluorenyl complexes based on the Masuda structural motif, see Figure 1 II for a representative example.14 Interestingly, while structurally similar and meeting the general substitution criteria on the vinyl ligand reported for effective initiating species15 these complexes exhibited low initiation efficiencies (IEs) (as judged by SEC) spanning the range 0.16 to 0.56 depending on polymerisation conditions. These preliminary results suggested that a detailed understanding of the ligand environment, particularly of the initiating fragment, in the mediation of PA polymerisation remains elusive. However, while initiation was non- quantitative, (co)polymerisation with the fluorenyl-functionalized catalysts did yield highly stereoregular cis-transoidal PPAs with SEC measured Ðs as low as 1.03. The observed difference in activity, or IE, between I and II was hypothesized to be due to the conformationally locked nature of the fluorenyl group on the -vinyl carbon. Specifically, we proposed that the fluorenyl group inhibited the effective co-ordination of incoming monomer.  To test this proposition we targeted complex III, Figure 1, a 2-phenylnaphthyl Rh(I) derivative in which the phenyl group on the -vinyl carbon (recognizing that the vinyl bond is part of the aromatic naphthyl group, and this is technically a Rh(I)-aryl complex)) is able to freely rotate and thus part of the initiating fragment is similar to I.
Herein we detail our results regarding the attempted synthesis of III, a mechanistic rationale for the isolation, via recrystallization of (2), vide infra, an isomeric 2-naphthylphenylrhodium(I)-aryl derivative and the presence of a third structural isomer, a 3-phenylnaphthyl derivative formed in solution from (2) via a second Rh atom migration.  Finally, we detail the efficacy of (2) as an initiating species in the controlled, stereospecific polymerisation of PA. This represents, to the best of our knowledge, the first example in which a Rh(I)-aryl complex of this type has been evaluated as a polymerisation initiator for PA although similar Rh(I)-aryl species are known to mediate the controlled polymerisation of bulky aryl isocyanides.16, 17
Experimental
Materials
n-Butyllithium (n-BuLi, 1.6 M solution in hexane, Sigma-Aldrich), 1-bromo-2-phenylnaphthalene (C6H5(C10H6Br)) (98 % Tokyo Chemical Industry),  [Rh(nbd)Cl]2 (nbd = 2,5-norbornadiene, 98 %, Strem Chemicals), and tris(para-fluorophenyl)phosphine (P(4-FC6H4)3, 98 %, Sigma-Aldrich) were used as received. Phenylacetylene (CH≡CPh, 98 %, Sigma-Aldrich) was purified by passage over a column of basic alumina and then stored in a fridge until needed.
THF, diethyl ether and CH2Cl2 were dried using a PureSolv MD5 solvent purification system (Innovative Technology, Inc.), collected, degassed via the freeze-pump-thaw technique and stored under dry nitrogen until needed. Toluene (99.8 %, Sigma-Aldrich) was degassed via the freeze-pump-thaw technique and stored under dry nitrogen until needed. All glassware was pre-dried in an oven at 120 °C and then flame dried under vacuum before use. All reactions were performed using standard Schlenk line techniques.

Synthesis of Rh(nbd)P(4-FC6H4)3(2-NapthPh) (2)
Rh(nbd)P(4-FC6H4)3(2-NapthPh) (2), was prepared following the procedure we recently reported for the preparation of Rh(I)--phenylvinylfluorenyl derivatives.14
To a round-bottomed flask equipped with a Teflon-coated magnetic stir bar was added 1-bromo-2-phenylnaphthalene (293 mg, 1.03 mmol) and diethyl ether (20.0 mL) under a dry nitrogen atmosphere.  The flask was cooled to 0 °C, and n-BuLi (1.6 M solution in hexane, 1.25 mL, 2.0 mmol) was cannula transferred and the mixture allowed to react for 30 min yielding C6H5(C10H6Li).
[bookmark: OLE_LINK1]To a separate round-bottomed flask equipped with a magnetic stir-bar containing dry toluene (15.0 mL) was added [Rh(nbd)Cl]2 (210 mg, 0.45 mmol) and P(4-FC6H4)3 (411 mg, 1.30 mmol). The mixture was then stirred vigorously for 15 min at ambient temperature yielding the intermediate Rh species, Rh(nbd)P(4-FC6H4)3Cl.

The lithiated species, C6H5(C10H6Li), was added, via cannula, to the solution containing Rh(nbd)P(4-FC6H4)3Cl and allowed to stir at ambient temperature overnight. Subsequently, the reaction solution was cannula transferred and filtered through a short plug of neutral activated alumina 90, under an inert atmosphere, to give a clear orange solution. Solvents were concentrated under high vacuum on a Schlenk line yielding a dark viscous liquid. To the residue was added CH2Cl2 (2.5 mL) and the Rh(I) complex, (2), the 2-naphthylphenyl structural isomer was isolated by recrystallization from CH2Cl2/methanol via a solvent layering technique. Yield: 64%. CH elemental analysis: %Ctheor: 68.92, %Cfound: 68.20; %Htheor: 4.37, %Hfound: 4.33.

1H NMR (600 MHz, CD2Cl2),  (ppm): 9.14 (s, 1H, Hi), 8.06 (d, J = 8.2 Hz, 1H, Hk), 7.89 (d, J = 8.1 Hz, 1H, Hn), 7.60 (d, J = 8.3 Hz, 1H, Hp), 7.59 (m, 1H, Hl), 7.54 (ddd, J = 8.1, 6.8m 1.3 Hz, 1H, Hm), 7.25 (dt, J = 7.2, 1.6 Hz, 1H, Hv), 7.06 (dd, J = 7.4, 1.4 Hz, 1H, Hs), 6.99 (dd, J = 8.3, 1.8 Hz, 1H, Hq), 6.88 (m, 1H, Ht), 6.84 (td, J = 7.2, 1.4 Hz, 1H, Hu), 6.74 (m, 6H, Hy), 4.97-4.94 (m, 1H, Hg), 6.60 (m, 6H, Hx), 4.13 (dt, J = 7.5, 3.8 Hz, 1H, Hf), 4.04 (s, 1H, Hd), 3.83 (s, 1H, Hb), 3.55 (m, 1H, Ha), 3.54 (m, 1H, He), 1.60 (dt, J = 8.1, 1.7 Hz, 1H, Hc’), 1.35-.132 (m, 1H, Hc); 13C NMR (151 MHz, CD2Cl2),  (ppm): 172.3 (dd, J = 33.5, 13.2 Hz, Cw), 163.4 (dd, J =249.5, 1.9 Hz, C-F), 147.2 (dd, J = 3.0, 1.9 Hz, Cr), 145.9 (d, J = 2.2 Hz, Ch), 136.2 (dd, J = 2.4, 1.8 Hz, Cv), 135.8 9 (dd, J = 14.2, 8.1 Hz, Cx), 135.0 (Cj), 133.22 (Co), 130.1 (dd, J = 35.3, 3.2 Hz, C-P), 128.6 (Ck), 128.1 (Cn), 127.9 (Cp), 127.6 (Cs), 126.4 (Cl), 125.7 (Cm), 125.2 (d, J = 1.7 Hz, Cu), 124.7 (Cq), 122.2 (Ct), 116.2 (d, J = 1.4 Hz, Ci), 115.2 (dd, J = 20.9, 10.2 Hz, Cy), 75.4 (dd, J = 5.3, 3.2 Hz, Ce), 75.0 (dd, J = 5.7, 1.4 Hz, Ca), 72.4 (dd, J = 15.1, 1.4 Hz, Cg), 64.9 (t, J = 4.7 Hz, Cc), 55.5 (dd, J = 19.1, 6.9 Hz, Cf), 51.5 (d, J = 3.3 Hz, Cb), 51.1 (d, J = 3.9 Hz, Cd); 19F NMR (565 MHz, CD2Cl2),  (ppm): -112.4 (m); 31P{1H} NMR (243 MHz, CD2Cl2), (ppm): 24.4 (dq, JP-Rh = 189.9, JP-F = 3.3 Hz); 103Rh NMR (19.1 MHz, d8-toluene),  (ppm): -7688 (547 ppm if referenced to Rh metal).
Computational Chemistry
All calculations were performed using the TURBOMOLE V6.4 package using the resolution of identity (RI) approximation.18-25
Initial optimizations were performed at the (RI-)BP86/SV(P) level, followed by frequency calculations at the same level. Transition states were located by initially performing a constrained minimization (by freezing internal coordinates that change most during the reaction) of a structure close to the anticipated transition state. This was followed by a frequency calculation to identify the transition vector to follow during a subsequent transition state optimization. A final frequency calculation was then performed on the optimized transition-state structure. All minima were confirmed as such by the absence of imaginary frequencies, and all transition states were identified by the presence of only one imaginary frequency. Dynamic Reaction Coordinate analysis confirmed that transition states were connected to the appropriate minima. Single-point calculations on the (RI-)BP86/SV(P) optimized geometries were performed using the hybrid PBE0 functional and the flexible def2-TZVPP basis set. The (RI-)PBE0/def2-TZVPP SCF energies were corrected for their zero-point energies, thermal energies and entropies (obtained from the (RI-)BP86/SV(P)-level frequency calculations). A 28 electron quasi-relativistic ECP replaced the core electrons of Rh. No symmetry constraints were applied during optimizations. Solvent corrections were applied with the COSMO dielectric continuum model26 and dispersion effects modelled with Grimme’s D3 method.27, 28

Polymerisation Kinetics
All (co)polymerisations were carried out under a dry nitrogen atmosphere in glassware pre-dried in an oven set at 120 °C. Below is given a typical procedure for the homopolymerisation of phenylacetylene with (2):
A solution of phenylacetylene (0.184 g, 1.80 mmol) in toluene (2.5 mL) was added to a solution of (2) (0.015 g, 0.02 mmol) and free phosphine (P(4-FC6H4)3) (0.031 g, 0.10 mmol) dissolved in toluene (2.5 mL) in a Schlenk flask equipped with a magnetic stir bar. The flask was then immersed in a pre-heated oil bath set at 30 °C and polymerisation allowed to proceed for 90 min. An aliquot (0.1 mL) was withdrawn every 5-10 min and was added to a vial of deuterated chloroform (0.5 mL) containing a small volume of acetic acid (2.0 μL). After 90 min the polymerisation was terminated by the addition of acetic acid. The final polymer was isolated by precipitation into a large volume of methanol, isolated by gravity filtration and dried to constant weight in a vacuum oven at 40 °C overnight. Monomer conversions were determined by 1H NMR spectroscopy, and molecular weights and dispersity were determined by size exclusion chromatography.

NMR Measurements
NMR spectra were recorded at 298K on a Bruker Avance IIIHD (600 MHz for 1H). The data were processed with Bruker’s TopSpin 3.5 or MestReNova software packages. 1H, 13C, 19F, and 31P spectra were collected on a commercial broadband probe, whereas the 103Rh NMR was acquired at 19.1 MHz using a commercial 5 mm triple resonance broadband probe (doubly tuned 1H/31P outer coil with inner broadband coil) with 90° pulses of 27.5 s and 18.4 s for 103Rh and 31P respectively. 103Rh chemical shifts, , are given in ppm relative to  = 3.18644729 and derived indirectly from the 31P-103Rh HMQC experiments (as an aide to the reader, the chemical shift for the commonly used reference  = 3.160000 (Rh metal) is also given) by four pulse 31P-103Rh HMQC experiments with 103Rh and 1H decoupling during acquisition. The transmitter frequency offset and t1 increments were varied to ensure that no signals were folded. Exponential line broadening of 10 Hz was applied to 1D 103Rh data, with 2D data zero filled, Gaussian broadened by 10 Hz and treated with spine-squared window function during processing. Coupling constants reported herein are given as absolute values but are likely to be negative in sign for 1JRh-P.30

Crystallography
The crystalline sample of (2) was measured at 100(2) K on an Oxford Diffraction Xcalibur diffractometer using Mo-K radiation,  = 0.71073 Å, Lp and absorption corrections applied. The structure was solved and refined against F2 with full-matrix least-squares using the program suite SHELX-2014.31 Anisotropic thermal displacement parameters were employed for the non-hydrogen atoms. All hydrogen atoms were added at calculated positions and refined by the use of a riding model with isotropic displacement parameters based on those of the parent atom. CCDC 1902529 deposit contains supplementary crystallographic data, and can be obtained free of charge via https://www.ccdc.cam.ac.uk/ structures/, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk
[image: ]
Crystal data for Rh(nbd)P(4-FC6H4)3(2-NapthPh) (C41H31F3PRh, CH2Cl2):
C42H33Cl2F3PRh, M = 799.46, yellow needle, 0.210  0.115  0.099 mm3, monoclinic, space group P21/n (No. 14), a = 11.7509(1), b = 21.0929(2), c = 13.9381(1) Å, = 96.153(1)°, V = 3434.80(5) Å3, Z = 4, Dc = 1.546 g cm-3, = 0.747 mm-1. F000 = 1624, T = 100(2) K, 2max = 64.7°, 71355 reflections collected, 11686 unique (Rint = 0.0492). Final GooF = 1.000, R1 = 0.0397, wR2 = 0.0916, R indices based on 9483 reflections with I > 2(I) (refinement on F2), ||max= 1.1(1) e Å-3, 442 parameters, 0 restraints. 


Size Exclusion Chromatography (SEC)
SEC was performed on a Shimadzu modular system consisting of a 4.0 mm × 3.0 mm Phenomenex Security Guard™ Cartridge guard column and two linear phenogel columns (103 and 104 Å pore size) in tetrahydrofuran (THF) operating at a flow rate of 1.0 mL/min and 40 °C using a RID-20A refractive index detector, a SPD-M20A prominence diode array detector and a miniDAWN TREOS multi-angle static light scattering (MALLS) detector. The system was calibrated with a series of narrow molecular weight distribution polystyrene standards with molecular weights ranging from 0.27 to 66 kg mol-1. Chromatograms were analyzed by Lab Solutions SEC software.
Results and Discussion
Catalyst Synthesis and Characterisation
The synthetic route employed for the preparation of the target Rh(I)-aryl complex III is shown in Scheme 1.

Scheme 1. Outline for the synthesis of the target 2-phenylnaphthyl derivative, III, and chemical structure of the isolated, isomeric, 2-naphthylphenyl species (2).
The reaction of commercially available [Rh(nbd)Cl]2 with the fluorine functionalized phosphine P(4-FC6H4)3 yielded the intermediate tetra-coordinate Rh(I) species Rh(nbd)P(4-FC6H4)3Cl (1). Reaction of 1-bromo-2-phenylnaphthalene with n-BuLi gave the corresponding lithiated 2-phenylnaphthalene derivative that when reacted with (1) was anticipated to yield the target complex III. Interestingly, after isolation and recrystallization, X-ray crystal structure analysis, Figure 2, indicated the presence of (2), a structural isomer of the target III.

Figure 2. ORTEP representation of the X-ray crystal structure of (2) with 50 % probability ellipsoids and H-atoms omitted for clarity.
While (2) was not the target species, we did proceed to characterize the complex. We see from the crystal structure in Figure 2 that the recrystallized species has a slightly distorted square planar geometry consistent with previous reports of similar Rh(I) species.8, 14 A tetrahedral-square planar continuous shape measure analysis32 was performed comparing (2) to complexes similar to I and II (Figure 1), as well as the three other structurally characterised Rh(nbd)PR3(Ar) complexes: Rh(nbd)PPh3(2-Me-1-Napth),17 Rh(nbd)PPh3(m-xylene)33 and Rh(nbd)PCy3(C6H5)34 (Cy = cyclohexyl). While all are appropriately described as distorted square planar geometries, complexes with triphenylvinyl ligands, I, are the most significantly distorted towards tetrahedral geometry and those with an aromatic ring directly coordinated the least distorted. Of the latter class, it is notable that (2) is the most distorted of these, presumably because of the bulky naphthyl substituent, placing it amongst the -phenylvinylfluorenyl derivatives, II (see Supporting Information).

[image: ]Multinuclear NMR spectroscopy (1H, 13C, 19F, 31P, and various 2D techniques) was employed to characterize (2). Figure 3 shows the 1H NMR spectrum of (2) recorded in CD2Cl2; full peak assignments are given in the experimental section along with the 13C, 19F, 31P and 103Rh chemical shifts of (2) (additional 2D NMR data can be found in the Supporting Information). 

Figure 3.   1H NMR, recorded in CD2Cl2, of complex (2). Full peak assignments are given in the experimental section.

Interestingly, the 1H, 13C, 31P{1H} and 31P-103Rh{1H, 103Rh} spectra, indicated the presence of more than one species in solution even though samples were prepared with recrystallized complex. Rhodium has one NMR-active spin -½ nucleus, 103Rh, which is 100 % abundant. While direct observation of 103Rh is possible,14 it suffers from low sensitivity and a large chemical shift range (of ca. 12,000 ppm). In cases where Rh is bonded to a nucleus with a high gyromagnetic ratio, such as 31P, the sensitivity of the Rh nucleus can been enhanced significantly – by a factor of almost 600 in the case of 31P. In such instances, it is straightforward to employ a 2D polarization transfer technique, such as heteronuclear multiple quantum coherence (HMQC), to observe the 103Rh nuclei. Figure 4 shows the measured HMQC spectrum of (2). There are clearly two main phosphorus species present, in a ratio of 4:1, and both are coupled to Rh (the presence of a third species (ca. 5%) was also detected in the 31P{1H}, spectrum of (2), Figure S7, but was not observable in the HMQC experiment, Figure S8). Initially we considered the possibility that the two major species observed in Figure 4 were rotamers – this has previously been observed by Kumazawa et al. in their detailed structural characterization of Rh(nbd)(CPh=CPh2)(PPh3).11 However, variable temperature (VT) 31P{1H}, 1H and 31P-103Rh HMQC NMR experiments proved inconclusive as compound decomposition took place during heating to 90 °C in d8-toluene. Based, therefore, on the 1H, 13C and 2D techniques employed to characterize (2), we conclude that the major species present in solution is complex (2a) ca. 75%), while the minor species is a second structural isomer of III, (3-phenylnaphthalen-1-yl)rhodium(I) (2,5-norbornadiene) tris(para-fluorophenylphosphine), (2b) (3-PhNapth) (ca. 19%). Finally, we note the presence of a smaller phosphorous peak centred around 25.4 ppm that is not coupled to Rh and is attributed to the presence of phosphine oxide (this is more clearly observed in the full 31P{1H} of the complex and 31P{1H} of the phosphine ligand in the Supporting Information, Figure S1 and S7). 
Figure 4.   31P-103Rh{1H, 103Rh} HMQC NMR spectrum of (2) recorded in d8-toluene

[image: ]The formation of the minor species in solution is proposed to occur via sequential 1,4-Rh migrations as outlined in Scheme 2.

Scheme 2.   Proposed formation of (2-naphthylphenyl-1-yl)rhodium(I) (2,5-norbornadiene)(tris-para-fluorophenylphosphine), (2-NapthPh) and (3-phenylnaphthalen-1-yl)rhodium(I)(2,5-norbornadiene)(tris-para-fluorophenyl phosphine), (3-PhNapth) via sequential 1,4-Rh atom migrations. PAr3 = P(4-FC6H4)3. 

While unanticipated, we propose that (2a) and (2b) are formed from III via intramolecular 1,4-Rh metal-atom migrations or ortho-to-ortho’ C-H bond activations. This is an important feature of this synthesis since transition metal-mediated C-H bond activations35-40 play an increasingly important role in modern chemical syntheses and, mechanistically, reaction pathways involving metal (catalyst) atom migrations have been proposed to rationalize product formation with pertinent examples including reactions mediated by Pd41 or Rh catalysts.42 In the case of Rh-catalyzed reactions, examples of 1,3-,43 1,4-,44-50 and 1,551, 52 migrations have been reported. For example, Oguma et al.44 reported that alkylation of phenylboronic acid, with norbornene, catalyzed by [Rh(cod)Cl]2/dppp (cod: cyclooctadiene; dppp: bis(diphenylphosphino)propane) yielded predominantly, under appropriate conditions, the 1,2,3,4-tetraalkylated product. The formation of the polyalkylated species was rationalized in terms of insertion of the ene into the sp2C-[Rh] bond (as expected) followed by a 1,4-Rh atom migration to the next adjacent phenyl ring C followed by further norbornene insertion etc. Alkylation stopped after four insertion/migration steps due to steric hindrance.
In order to gain further insight into the mechanistic features which underpin these observations, the conversion of III into its two structural isomers, (2a) and (2b), was modelled by density functional theory (DFT) calculations. The geometries of the complexes were optimised at the bp86/SV(P) level of theory and then single-point energies determined at the pbe0/def2-TZVPP level. The effects of solvation were modelled with COSMO and the resulting energies corrected for the effects of solvation and an empirical dispersion correction applied using Grimme’s D3 method. As shown in Figure 5 the major isomer, complex (2a), has a lower energy (-19 kJ mol-1) than complex III (which was taken as the reference state), whereas 2b lies at a relative energy of -3 kJ mol-1. An examination of the DFT-predicted structures of 2a, 2a’ (q.v.) and 2b reveals the presence of agostic interactions between Rh and the 2-naphthylphenyl-1-yl ligand. Using 2a as an example, a Rh-H interaction (2.262 Å) is observed, which is complemented by an elongation of the corresponding C-H bond (1.115 Å), Figure 5. No agostic interaction was present in the calculated structure of III, with the closest Rh-H distance being 2.970 Å.
The conversion of III to (2a) proceeds via an intermediate Rh(III)-hydride species, 4, with an energy of 62 kJ mol-1. Complex 4 lies is a shallow minimum and is connected to III and 2a through transition states tsIII-4 (+77 kJ mol-1) and ts4-2a (+73 kJ mol-1) respectively. We also note that a second, higher energy, pathway involving hydride transfer to the nbd ligand was observed. See supporting information for details. The formation of (2b) may be rationalised by rotation of the naphthyl group in (2a) to give an agostomer53 (2a’) (-13 kJ mol-1). C-H activation then proceeds through ts2a’-5 (+67 kJ mol-1) to give hydride complex 5, which only varies from 4 in terms of its connectivity to the naphthyl group. Hydrogen migration through ts5-2b (+55 kJ mol-1) the gives (2b). We also note that the EXSY peaks observed during NMR characterisation of (2a) and (2b) are consistent with such a migration/exchange of H atoms between the coloured carbon centres shown in Scheme 2 and the predicted structures.
These mechanistic pathways involving a metallocyclic Rh(III)-hydride intermediate are entirely consistent with previous reports concerning such intramolecular migrations involving rhodium.44, 47, 54 The calculated energy barriers for the formal 1,4-migration through a hydride intermediate would indicate that the observed distribution of products is entirely under thermodynamic control at 298 K. The calculations, therefore support the fact that 2a (possibly in rapid exchange with 2a’) is the major species observed in solution by NMR spectroscopy. Although the calculations broadly reflect the experimental observations, it should be noted that the energy of 2b (-3 kJ mol-1) would imply that its equilibrium concentration with 2a and 2a’ would be very low. Moreover, at this level of theory it is essentially at the same energy as (unobserved) III. However, the relative differences in energy are, relatively speaking, small and care must be taken when subsequently interpreting data in this fashion due to the non-linear relationship between equilibrium population and Gibbs energy.

Polymerisation Studies
With (2a) in-hand we proceeded to determine its efficacy as an initiating species for the polymerisation of PA (accepting that in addition to (2a), 3-PhNapth, 2b, and perhaps a third very minor species are also present in solution). To reiterate, while the controlled polymerisation of PA has been reported with a limited number of well-defined, isolated Rh(I)-vinyl species, to the best of our knowledge this is the first example in which an isolated Rh(I)-aryl complex has been examined in this specific application. Importantly, any indication of a controlled polymerisation employing (2) has the potential to impact, and significantly enhance, the field of Rh(I) polymerisation catalysis as applied to PA (co)polymerisation. This is due primarily to the large number of commercially available aryl bromides (versus commercially available bromo-triphenylethylenes as employed by Masuda and co-workers) that could be employed in the preparation of new catalytic/initiating species, offering an opportunity for a far more detailed evaluation of structure-activity profiles and access to materials with advanced architectures and topologies. Initially we conducted a control experiment in which (2) was employed as an initiator for PA homopolymerisation (target molecular weight: 10,000, toluene, 30 °C) in the absence of any added free phosphine. Consistent with (co)polymerisations mediated by Rh(I)-vinyl complexes, such as I in the absence of added phosphine,8, 55 polymerisation was uncontrolled and yielded a polymer that eluted at the upper limit of the SEC instrument indicating an Mn > 100,000 with an unmeasurable dispersity. As such, all further polymerisations were performed in toluene at 30 °C in the presence of added free phosphine as a rate modifier, Scheme 3, with polymerisations terminated by the addition of a small volume of acetic acid.


Scheme 3. Conditions for the polymerisation of phenylacetylene with (2a)

	In determining the ability of a species to mediate a polymerisation in a controlled fashion there are specific features that need to be elucidated which, when taken collectively, indicate a living or controlled polymerisation: the (pseudo) first-order kinetic plot should be linear with respect to monomer concentration over the full conversion range (this indicates a constant number of active species); the evolution of polymer molecular weight with monomer conversion should be linear; it is often desirable that the product (co)polymer has a narrow molecular weight distribution, i.e. Ð ≤ 1.30 (although this is not a formal requirement for a controlled polymerisation); and materials with advanced architectures such as AB diblock copolymers should be accessible via sequential monomer addition.

[image: ]
Figure 5. DFT-calculated pathway for the conversion of III to 2a and 2b. Calculations performed at the D3-pbe0/def2-TZVPP//bp86/SV(P) level with COSMO solvent correction in CH2Cl2. Energies are Gibbs energies at 298 K in units of kJ/mol. PAr3 = P(4-F-C6H4)3. DFT-predicted structure of 2a, showing the bond metrics of the agostic interaction (carbon grey, hydrogen white, fluorine green, phosphorus orange, rhodium dark green).
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Figure 6(A) shows the pseudo-first-order kinetic plots for the homopolymerisation of PA with (2a) in toluene at 30 °C in the presence of 10 and 20 equivalents of added free P(4-FC6H4)3 for a target molecular weight of 10,000 at quantitative conversion. Several pertinent features are worth noting. Both plots are linear, even up to near-quantitative conversion, with the homopolymerisation in the presence of 10 equivalents of free phosphine proceeding faster than the polymerisation in the presence of 20 equivalents, as expected. While both plots are linear, confirming a constant number of active propagating species, neither plot passes through the origin, with both exhibiting a short inhibition period. This is not uncommon and is typically associated with a period of time in which negligible active species are present. The inhibition period is marginally longer in the case of the polymerisation performed in the presence of 20 equivalents of free phosphine, which is not surprising since the additional free phosphine serves as a monomer-competing binding species. Similar data, and observations, for homopolymerisations with a target molecular weight of 5,000 are given in the SI.
The slope of the curve in the pseudo-first order kinetic plots is kapp – the apparent propagation rate constant. In the case of the homopolymerisation conducted at a [P]/[Rh] of 10 and target molecular weight of 10,000, the kapp is 0.0374 mol L-1 min-1, whereas at [P]/[Rh] of 20, kapp is 0.0228 mol L-1 min-1. The kapp values for homopolymerisations with a target molecular weight of 5,000 are given in the SI, Figure S19.
Figure 6(B) shows the corresponding molecular weight versus conversion plots for the two homopolymerisations with molecular weights reported as the number average (Mn) values as measured by SEC. The theoretical Mn is also shown. In both instances the evolution of molecular weight is linear although SEC-measured values are systematically higher than the theoretical molecular weight at all conversions. There are two possible causes for the observed deviation. Firstly, we  note that the reported Mn values are polystyrene (PS) equivalents by virtue of the SEC instrument having been calibrated with a series of narrow molecular weight distribution PS standards and as such may not be accurate hydrodynamic volume equivalents for PPA. However, it has been reported that the dilute solution characteristics of atactic PPA are similar to those of PS of similar tacticity.56 For example, it has been noted that the molecular weight dependence on the radius of gyration for PS and PPA were very similar with the unperturbed dimensions of the polymers also being almost equal. As such, while the application of PS standards cannot be completely eliminated as the cause for the discrepancy in the theoretical and observed Mn’s it appears PS standards are an extremely good match for PPA regardless of the difference in the chemical nature of the respective polymer backbones. Secondly, the disagreement between the theoretical and measured Mns could be due to non-quantitative initiation. Assuming the measured Mn values are a genuine reflection of the actual molecular weight of the PPA homopolymers, then the discrepancy suggests an initiation efficiency (IE) for (2) of ca. 0.8.Interestingly, this is exactly the value you would expect assuming that the minor Rh species, 3-PhNapth (2b), present in solution is not an active initiator based on the calculated ratio of the two species. If this is the case, the actual IE of (2a) is 1.0.  We note, however, that while quantitative initiation is desirable, it is not a formal pre-requisite for a given polymerisation to be accurately described as living (or controlled).57 A comparison of the calculated IE with the reported values for complexes I and II, Figure 1, indicate that (2) is intermediate of I and II with the former exhibiting essentially quantitation IEs8 while the IEs for the latter vary from 0.13-0.56 depending on polymerisation conditions.14(A)
(B)
(C)




Figure 6. (A) Pseudo-first-order kinetic plots for the homopolymerisation of PA, with target molecular weight of 10,000 at two different phosphine/Rh ratios; (B) the plots of number average molecular weight (Mn, as measured by SEC and reported as polystyrene equivalents) vs conversion, and (C) a series of SEC traces demonstrating the evolution of the molecular weight distribution with polymerisation time.
In a truly living polymerisation processes where Ri ≥ Rp (Ri: rate of initiation; Rp: rate of propagation) the resulting (co)polymer will have a narrow molecular weight distribution (assuming there are no side reactions such as termination, chain transfer or branching) in which the dispersity, Ð, decreases as conversion increases.58 Figure 6(C) shows an example of the evolution of the molecular weight distribution in a PA homopolymerisation at [P]:[Rh] of 20 and for a target molecular weight of 10,000. As expected we observe a systematic shift of the chromatograms to lower retention time (higher molecular weight) with a simultaneous increase in peak intensity with increasing conversion.
In this case, the Ð of the distribution remains essentially constant at ~1.21. While these Ð values are not as low as some reported in the literature, including by us, for the controlled polymerisation of PA with Rh(I) complexes they are certainly acceptable. 
Collectively, the linearity of the pseudo-first-order kinetic and Mn versus conversion plots, together with the molecular weight distribution chromatograms, when taken together suggest that the polymerisation of PA with the Rh(I)-aryl complex (2) is a controlled process.
	There are four possible isomers associated with the geometry and relationship between the backbone C=C and C-C bonds in PPAs. These are referred to as the cis-cisoidal, cis-transoidal, trans-transoidal and trans-cisoidal geometric isomers, Figure 7.59


Figure 7. The four possible stereoisomers associated with polyphenylacetylene.
It is known that in polymerisations that proceed via an insertion pathway, as with Rh-mediated polymerisations of aryl acetylenes, give rise to the cis-transoidal form while metathesis-type (co)polymerisation yields the trans-transoidal/cisoidal structures.10, 59, 60 Figure 8 shows the 1H NMR spectrum, recorded in CDCl3, of PPA obtained from the homopolymerisation of PA for a target molecular weight of 10K and [P][:[Rh] of 20. The key feature in PPAs of high cis-transoidal content is the sharp peak at  = 5.83 ppm that is attributed to the H in the polymer backbone on a cis C=C bond, while the remaining peaks are associated with the side chain aromatics and any backbone Hs bonded to a trans C=C. This spectrum is entirely consistent with previous reports of PPAs with high cis-transoidal stereoregularity and in this case the PPA has a calculated61 cis content of 95 %. In all cases, the cis contents of the obtained PPAs were ≥ 95 %.
Figure 8. 1H NMR spectrum of polyphenylacetylene, recorded in CDCl3, prepared with (2) for a target molecular weight of 10K and [P]:[Rh] of 20 highlighting the high cis-transoidal stereoregularity.
Conclusions
[bookmark: _GoBack]Herein we have detailed the synthesis of a new Rh(I)-aryl complex and evaluated its use as an initiating species for the controlled, stereospecific polymerisation of phenylacetylene. Interestingly, while targeting a 2-phenylnapthyl Rh(I) derivative we isolated the isomeric (2-napthylphenyl)Rh(I)(nbd)P(4-FC6H4)3 species as determined by X-ray crystal structure analysis. The isolated species was proposed to form from the targeted species via an intramolecular 1,4-Rh atom migration, a supposition that was supported by density functional theory calculations. The isolated complex was characterized in detail by multinuclear NMR spectroscopy which indicated the presence of two principle Rh-P complexes when in solution in an approximate ratio of 4:1 in favour of the 2-napthylphenyl Rh(I) species. The second, minor, species in solution was identified as a third structural isomer (3-phenylnapthyl)Rh(I)(nbd)P(4-FC6H4)3 formed by a proposed second 1,4-Rh atom migration. The recrystallised species was examined with respect to its ability to initiate the homopolymerisation of phenylacetylene.  Pseudo-first-order kinetic plots were linear, albeit with short induction periods, as were the molecular weight vs conversion plots and in all cases the dispersities were ≤ 1.25 suggesting a controlled polymerisation. Initiation efficiencies were not quantitative, but were high (ca. 0.8), with the presence of the second minor Rh species in solution proposed to be the cause. Consistent with Rh-mediated insertion polymerisations, the resulting polyphenylacetylene polymers were highly stereoregular with calculated cis contents ≥ 95%. This report represents, to the best of our knowledge, the first example in which a Rh(I)-aryl complex has been shown to be an effective initiating species for phenylacetylene polymerisation yielding materials with well-defined molecular properties. We are continuing to examine new Rh(I)-aryl species in this specific application.
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