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Bimetallic ethynylanthracenyl functionalised carbynes

Benjamin J. Frogley,® Anthony F. Hill>* and Steven S. Welsh?

Mono- and Bimetallic Anthracenes functionalised by alkynyl and
alkylidynyl substituents are obtained via sequential cross-coupling
reactions of the 9-bromoanthracenyl carbyne
[W{=CC(CsH4),CBr}(CO)x(Tp*)].

Carbon-rich, highly unsaturated ligands that bridge two or more
metal centres often exhibit electronic, photochemical,
photophysical or redox properties which make them attractive
targets for use in molecular devices.! Bis(alkynyl) connectivities,
L,M—C=C—-R—-C=C—ML, are amongst the most commonly
employed due to typically reliable and generalisable alkynyl
installation protocols which allow wide variability in the identity
of the metal, ancillary ligands, and the spacer group ‘R,” which
can itself introduce its own electronic or optical features.
Complexes of more strongly m-accepting bis(carbyne) ligands
LnM=C—R—-C=ML,, by contrast, are far rarer due to the more
circuitous synthetic routes which deter more adventurous
exploration and which are generally less tolerant of
functionality. Among the host of conceivable spacer groups is
the 9,10-anthracen-diyl core which in addition to providing an
electronically conjugating pathway between metals, imbues
spectacular electro-optical properties on its derivatives
including electro-, photo- and chemiluminescence.2 Of
particular intrigue is the possibility of constructing assemblies
with two or more interactive anthracenyl units.2c The first
demonstration of 9,10-di(alkynyl)anthracene bridging two
metals was provided by Sonogashira32 and many further
examples have appeared in the interim.3 Arecurrent feature has
been not only the intriguing photochemistry but the possibility
of bridging ligand redox non-innocence.3h

The first anthracene substituted carbyne complexes were
only very recently reported® including the complex
[W{=CC(CsHa4)2CBr}(CO)>(Tp*)] (1: Tp* =
hydrotris(dimethylpyrazolyl)borate, Scheme 1).4* Complex 1
appeared to present an ideal starting point for the elaboration
of novel architectures by virtue of the 9-Br functionality being
amenable to palladium-mediated cross-coupling protocols.
Herein we report that 1 can indeed serve as a precursor to
access a variety of elaborate and novel ditungsten carbon-wire
type compounds that include either one or two anthryl
chromophores.

The complex 1 was found to undergo Sonogashira coupling
with  ethynyltrimethylsilane to afford [W{=CC(CsH,).C-
C=CSiMes}(CO),(Tp*)] (2, Scheme 1, ESIT).
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Scheme 1. Synthesis of anthracenyl carbynes. (Tp* = hydrotris(3,5-
dimethylpyrazolyl)borate). Reagents and conditions: (i) [W(CO)g], (CF3CO),0, K[Tp*];2b (ii)
[Pd(PPhs)4], Cul, HC=CSiMes, EtsN; (iii) K,CO3, MeOH/CH,Cl,/H,0; (iv) NaOH, [AuCI(PRs)]
(R = Ph, Cy), MeOH; (v) Cul, air, THF/EtsN; (vi) 1,2-CeHal,, [Pd(PPhs)4], Cul, THF/EtsN.

Mayr previously demonstrated a post-installation carbyne
modification approach with the 4-iodobenzylidyne complexes
[W(=CCeH4l-4)CI(CO)2(L2)] (L2 = N,N,N’,N”-tetramethyl-
ethylenediamine or bis(diphenylphosphino)ethane, dppe)
which underwent Sonogashira cross-coupling reactions with
several alkynes.> Hopkins has also described Sonogashira
coupling processes involving the terminal ethynyl group of
[W(=CCsH4C=CH)Cl(dppe)2]® and accordingly 2 was desilylated
(K2CO3) in the presence of either aqueous methanol to afford
the terminal alkyne [W{=CC(CsH4),CC=CH}(CO)a(Tp*)] (3) or
alternatively halogold complexes [AuCI(PRs;)] to afford
[W{=CC(CsH4),CC=CAUPR3}(CO)2(Tp*)] (R = Ph 4a, Cy 4b, Figure
1). A small number of phosphine-gold derivatives of alkynyl
anthracenes have been reported previously’ and gold alkynyls
have been shown by Cross® and Bruce® to serve as effective
stoichiometric ‘bench-ready’ alkynyl transmetallating agents.
The formulations of 2, 3 and 4 follow from spectroscopic data
(Table 1) and for 2, 3 and 4b their identities were
crystallographically confirmed (see Figure 1 and ESIT).

Table 1. Selected spectroscopic and structural data for 1-6.
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1% 2785 1.833(3) 179.0(2) 1977, 1888 428, 453, 486
2 279.5 1.831(4) 177.5(3) 1975, 1887 442, 470, 504
3 279.1 1.825(4) 178.2(3) 1976, 1888 435, 463, 496
4a 2812 - - 1972, 1883 454,482,517
ab 2816 1.832(8) 178.0(6) 1971, 1883 454sh, 484, 516
5 279.0 1.844(7) 171.4(6) 1976, 1889 539br, 600br
6 279.4 1.819(5) 177.7(5) 1975, 1888 526sh, 554

aMeasured in CDClz at RT (L # Tp*) or —40 °C (L = Tp*). P Measured in CH2Cl2 (cm™1).
¢ Visible region listed, measured in CH2Cl2 (nm).

Figure 1. Molecular structure of 4b in a crystal of 4b.C¢Hy,.(CHCl3)15 (50% displacement
ellipsoids, pyrazolyl and cyclohexyl groups simplified and hydrogen atoms and solvent
omitted). Selected bond lengths (A) and angles (°): W1-C1 1.832(8), C1-C4 1.433(10),
C19-C18 1.196(10), Au1l-C19 2.010(7), C4-C1-W1 178.0(6), C18-C19-Aul 176.5(7), C19-
Aul-P1176.2(2). Inset = space filling representation to illustrate steric clash between the
anthryl groups and the bulky Tp* ligand (light blue).

The representative molecular geometry of 4b is depicted in
Figure 1 and demonstrates features common to all three.
Specifically, in all cases (i) the anthryl plane resides between
two sterically obstructive pyrazolyl groups; (ii) the alkylidyne
exerts a substantial trans influence upon the unique pyrazolyl
donor;10 (iii) No noteworthy intermolecular associations occur
(e.g., anthracene C-H-m or m-stacking interactions?®t) and (iv)
variations in the remote 10-anthryl substituents (H,* Br,
C=W(CO),(Tp*),4> C=CSiMes, C=CH, C=CAuPR;) have minimal
impact on the geometrical of the tungsten
coordination sphere.

In each case and for compounds to follow, the NMR
resonances for the anthryl bridge were broad at room
temperature but into eight unique 1-proton
resonances at low temperature (typically —40°) due rotation

features

resolved

about the anthryl-Cearpyne bond being arrested by steric
inhibition from the two pyrazolyl groups (Inset, Figure 1). The
13C{1H} carbyne resonances and vco-associated infrared data are
unremarkable, falling within the ranges found for simpler
benzylidyne derivatives.10

The ethynyl group in 3 can be subsequently deployed in
further coupling reactions, two examples of which serve to
illustrate the utility, affording carbyne derivatives of di(9-
anthryl)butadiynell 1,4-di(9-anthrylethynyl)benzene.12
Both of these electronically conductive cores have attracted
interest in the photophysical context of, e.g., organic light-
emitting transistors and organic field-effect optical
waveguides. An aerobic solution of 3 and copper(l) iodide in
the presence of NEt; undergoes classical Glaser coupling to
furnish
[(Tp*)(CO),W(=CC(CsH4),CC=CC=CC(CsH4),CC=W(CO)(Tp*)] (5,
Figure 2) as a deep imperial purple solution and black solid

and

(Scheme 1), wherein two anthracenyl carbyne units are bridged
by a 1,3-diyne moiety. If 3 is instead treated anaerobically with
p-diiodobenzene and NEts; in the presence of catalytic

[Pd(PPh3)s] and Cul, a very bright ‘hot pink’ solution of
[(Tp*)(CO)2W(=CC(CsH)2CC=CCsH4C=CC(CsH4),CCEW(CO)(Tp*)
] (6, Figure 3), is formed, wherein the same anthracenyl carbyne
groups are bridged by a p-diethynylbenzene moiety. Notably,
slow crystallisation of this compound affords bright pink
crystals, although rapid removal of solvent provides a green-
brown amorphous solid.

Figure 2. Molecular structure of 5 in a crystal of 5.(CHCl3), (50% displacement ellipsoids,
only one-half of the molecule is crystallographically unique (P21/n, inversion at i ),
pyrazolyl rings simplified, solvent and hydrogen atoms omitted for clarity). Selected
distances [A] and angles [°]: W1-C1 1.844(7), C1-C4 1.433(9), C11-C18 1.428(9), C19—
C19 1.369(14), C18-C19- C19’ 179.6(12). Inset = 3 adjacent molecules the bridge mean
planes of which are separated by 3.666 A (2xryqw(C) = 3.4 A).

The structural changes are again remote from the tungsten
centre and so the definitive NMR spectroscopic characterisation
rests primarily on the disappearance of the acetylenic proton
resonance and, in the case of 6, a large singlet at 7.84 ppm
integrating for four protons corresponding to the central
phenylene ring. In the solid-state structures of 5 (Figure 2) and
6 (Figure 3), both of which are crystallographically
centrosymmetric (Point group Cap; Space group No. 14: P2;/n or
P2:/c), the two anthracene (and phenyl for 6) ring systems are
essentially co-planar and whilst parallel in adjacent molecules,
m-stacking is neither cause nor effect of the packing. In the case
of 5 there is a modest degree of sigmoidal bowing along the
path from N1 (the trans pyrazolyl donor) to its symmetry-
generated mirror, however such deformations along carbon
wires have long been attributed to low-energy lattice forces.13
We note that, unsurprisingly, geometry optimisation of the
model complex [(Tp)(CO)W(=CC(CsH4),CC=C-C=CC(CeH4),C-
C=W(CO)2(Tp)] (5’: Tp = tris(pyrazolyl)borate) results in
linearisation of the bridge (see ESIT). In the case of 6, the anthryl
and phenylene planes are essentially co-planar in the solid
state, however for 1,4-di(9-anthrylethynyl)benzene it was
suggested that rotation of the central phenylene unit is
essentially frictionless such that both co-planar and orthogonal
rapidly interconverting conformers coexist in solution.12b
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Figure 3. Molecular structure of 6 in a crystal showing 50% displacement ellipsoids. Only
one-half of the molecule is crystallographically unique (P2/c, inversion at i). Pyrazolyl
rings are simplified for clarity. Selected distances [A] and angles [°]: W1-C1 1.819(5), C1—-
C4 1.444(7), C11-C18 1.429(7), C18-C19 1.197(8), C19-C20 1.429(8), W1-C1-C4
177.7(5), C11-C18-C19 178.0(7), C18-C19-C20 177.7(8).

Conventional arylcarbynes generally contain weak visible-
region absorptions (dy—>m*u=zc, Tm=c—>T*m=c) in their electronic
spectra.’* The electronic spectra of 1-6 are, however
overwhelmingly dominated by intense absorbances at
wavelengths below 600 nm corresponding to the anthracene
ring system(s) (Table 1, Figure 4).
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Figure 4. Electronic spectra of 2 (red), 4b (pink), 5 (blue) and 6 (green) displaying red-
shift and loss of vibronic fine-structure upon extension of conjugation (e per tungsten).

The complexes 2, 3 and the aurated examples 4 clearly
display the expected vibronic progression for the Sp — S:
(HOMO-bys — LUMO-b3,) excitation, albeit substantially red-
shifted from that for anthracene itself (378 nm). In contrast, the
ditungsten derivatives each display intense featureless
absorptions (5: 536, 601; 6: 529, 551 nm, Figure 4), the
broadness of which precluded resolution of vibronic fine
structure. These absorptions are also noticeably red-shifted
relative to absorptions for 1-4, di(9-anthryl)butadiyne (Amax =
430 nm),112 and 1,4-di(9-anthrylethynyl)benzene (Amax = 429
nm),12b however none of the new complexes were found to be
observably emissive upon excitation at 330 nm or their Amax
values. This lends some credence to the notion of electronic
interaction between the metal and carbyne ligand such that the
large spin-orbit coupling (§ = 3100-2600 cm! for W'-V) of the
metal electrons shortens the lifetime of the excited singlet state
(S1) which progresses (inter-system crossing) to a long-lived
triplet (T1) state which is prone to non-radiative decay
processes.2b1415 These may perhaps be obviated by judicious
tuning of the ancillary ligands on tungsten so as to preserve or
(perhaps even enhance) their optical properties.

Replacement of the Tp* ligands in 5 and 6 by the

computationally more frugal Tp ligand provides the

hypothetical complexes 5’ and 6’. The frontier orbitals of
interest that arise from optimised geometries (DFT:®wBP97X-
D/6-31G*/LANL2D{(W); Figures 5 and 6) are superficially
similar, despite the difference in butadiynyl C=C-C=C or
diethynyl-p-phenylene C=CCgH4C=C spacers.
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Figure 5. Frontier orbitals of interest for 5.

For 5’ and 6’ (and experimentally determined for 5 and 6)
the two anthracene spacers are coplanar with WTp cages that
are anti-disposed along the W-W (z) vector. The HOMO-1,
HOMO, LUMO and LUMO+1 orbitals are primarily anthracene
based and underpin the notable features in the electronic
spectrum and in each case only a rather modest contribution is
observed from tungsten dr orbitals. For both 5’ and 6’ two dyy,
orbitals comprise a pair of degenerate orbitals (HOMO-2,3)
involved in carbonyl retrodonation above a quartet of orbitals
that primarily that comprise the WC carbyne multiple bonds.
The HOMO-8 and 9 are exclusively anthracene-based such that
the most notable difference between 5’ and 6’ is that inclusion
of a phenylene spacer into the butadiynyl linkage results in the
insertion of an orbital (HOMO-4, red Figure 6) between the
MCO retrodative and WC carbyne m-orbitals, which might be
viewed as the phenylene-extended version of the butadiynyl
orbital HOMO-11in 5’ (red, Figure 5). The localisation of frontier
orbitals on the anthryl cores of 5 and 6 is further supported by
the observation of a single oxidation event in each of the cyclic
voltammograms (ESI), consistent with bridging ligand redox
non-innocence. Charge transfer transitions from d,, orbitals to
the m*w=c orbitals that conjugate out to the anthracene bridge,
whilst allowed, are likely to be comparatively weak relative to
the dominant anthracene-localised processes. For 6’, TD-DFT
analysis (®BP97X-D/6-31G*/LANL2DL(W)) suggests that the
lowest energy intense absorption (482 nm, 20,750 cm) is
comprised primarily of HOMO—LUMO (68%) and HOMO-
1-5LUMO+1 (28%) transitions involving only modest
contributions from the WC rn-bonding orbitals. The absorption
at ca 460 nm arises from multiple excitations. These appear to
be from HOMO-2/3 (W(CO);) to the LUMO and LUMO+1/5/6, of
the dianthryl spine.
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Figure 6. Frontier orbitals of interest for 6’.

In conclusion, we have demonstrated that metal-carbon
multiply bonded termini may be readily installed into carbon-
wire type architectures by employing Sonogashira cross-
coupling reactions of the C.y—Br bond of a 9-bromo-10-
(alkylidynyl)anthracene, affording mono and bimetallic
examples, the electrooptical properties of which
substantially associated with the dianthryl bridge.

are

Acknowledgements

We gratefully acknowledge the Australian Research Council
(DP190100723 and DP200101222) for funding. The authors
declare no conflicts of interest.

Notes and references

1 (a)P.A.Schauer andP.J. Low, Eur. J. Inorg. Chem., 2012, 390-411; (b)
P. J. Low and N. J. Brown, J. Cluster Sci., 2010, 21, 235-278; (c) M.
Naher, S. Bock, Z. M. Langtry, Zakary, K. M. O'Malley, A. N. Sobolev,
B. W. Skelton, M. Korb and P.J. Low, Organometallics, 2020, 39, 4667-
4687; (d) D. K. James and J. M. Tour, Topics Curr. Chem.,
2005, 257, 33-62; (e) Y. Tanaka, Y. Kato, T. Tada, S. Fuji, M. Kiguchi and
M. Akita, J. Am. Chem. Soc., 2018, 140, 10080-10084.

2 (a)E.J.Bowen and E. Mikiewicz, Nature, 1947, 159, 706; (b) A. Slodek,
M. Filapek, E. Schab-Balcerzak, M. Grucela, S. Kotowicz, H. Janeczek,
K. Smolarek, S. Mackowski, J. G. Malecki, A. Jedrzejowska,G.
Szafraniec-Gorol, A. Chrobok, B. Marcol, S. Krompiec and M.
Matussek, Eur. J. Org. Chem., 2016, 4020-4031; (c) M. Yoshizawa and
J. K. Klosterman, Chem. Soc. Rev., 2014, 43, 1885-1898.

3 (a) K. Sonogashira, K. Asami and N. Takeuchi, J. Mat. Sci. Letts, 1985,
4, 737-740; (b) V. W.-W. Yam and S. W.-K. Choi, J. Chem. Soc., Dalton
Trans., 1996, 4227-4232; (c) A. Kohler, J. S. Wilson, R. H. Friend, M. K.
Al-Suti, M. S. Khan, A. Gerhard and H. Bassler, J. Chem. Phys.,
2002, 116, 9457-9463; (d) M. I. Bruce, J. Davy, B. C. Hall, Y. S. Van
Galen, B. W. Skelton and A. H. White, Appl. Organomet. Chem., 2002,
16, 559-568; (e) M. S. Khan, M. R. A. Al-Mandhary, M. K. Al-Suti, F. R.
Al-Battashi, S. Al-Saadi, B. Ahrens, J. K. Bjernemose, M. F. Mahon, P.
R. Raithby, M. Younus, N. Chawdhury, A. Kohler, E. A. Marseglia, E.
Tedesco, N. Feeder and S. J. Teat, Dalton Trans., 2004, 2377-2385; (f)
F. De Montigny, G. Argouarch, K. Costuas, J.-F. Halet, T. Roisnel, L.
Toupet and C. Lapinte, Organometallics, 2005, 24, 4558-4572; (g) F.
Paul, A. Bondon, G. da Costa, F. Malvolti, S. Sinbandhit, O. Cador, K.
Costuas, L. Toupet and M.-L. Boillot, Inorg. Chem., 2009, 48, 10608-
10624; (h) M. A. Fox, B. Le Guennic, R. L. Roberts, D. A. Brue, D. S.
Yufit, J. A. K. Howard, G. Manca, J.-F. Halet, F. Hartl and P. J. Low, J.

10
11

12

13

14

15

Am. Chem. Soc., 2011, 133, 18433-18446; (i) P. M. Alvey, R. J. Ono, C.
W. Bielawski and B. L. Iverson, Macromolecules, 2013, 46, 718-726.
(a) B. J. Frogley, A. F. Hill and A. Seitz, Chem. Commun., 2020, 56,
3265-3268; (b) B. J. Frogley, A. F. Hill and S. S. Welsh, Dalton Trans,
2021,50,15502-15523; (c) B.J. Frogley and A. F. Hill, Chem. Commun.,
2019, 55, 12400-12403.

(@) M. Pui Yin Yu, K.-K. Cheung and A. Mayr, J. Chem. Soc., Dalton
Trans., 1998, 2373-2378; (b) A. Mayr and M. P. Y. Yu, J. Organomet.
Chem., 1999, 577, 223-227.

(a) K.D.Johnand M. D. Hopkins, Chem. Commun., 1999, 589-590; (b)
B. W. Cohen, B. M. Lovaasen, C. K. Simpson, S. D. Cummings, R. F.
Dallinger and M. D. Hopkins, Inorg. Chem., 2010, 49, 5777-5779; (c)
D. B. Moravec and M. D. Hopkins, J. Phys. Chem. A, 2013, 117, 1744-
1755.

(a) V. Mishra, A. Raghuvanshi, A. K. Saini, S. M. Mobin, J. Organomet.
Chem., 2016, 813, 103-109; (b) J. Du, M. S. Kodikara, G. J. Moxey, M.
Morshedi, A. Barlow, C. Quintana, G. Wang, R. Stranger, C. Zhang, M.
P. Cifuentes and M. G. Humphrey, Dalton Trans., 2018, 47,4560-4571.
(a) R.J. Cross and M. F. Davidson, J. Chem. Soc., Dalton Trans., 1986,
411-414; (b) R. J. Cross, M. F. DavidsonandA. J. MclLennan, J.
Organomet. Chem., 1984, 265, C37-C39 (c) M. H. Larsen and M. B.
Nielsen, Organometallics, 2015, 34, 3678-3685; (d) M. Ferrer, L.
Rodriguez, O. Rossell, J. C. Lima, P. Gomez-Sal and A. Martin,
Organometallics, 2004, 23,5096-5099; (e) C.-L. Chan, K.-L.
Cheung, W. H. Lam, E. C.-C. Cheng, N. Zhu, S. W.-K. Choi and V. W.-W.
Yam, Chem.-Asian J., 2006, 1, 273-286.

(a) W. M. Khairul, M. A. Fox, N. N. Zaitseva, M. Gaudio, D. S. Yufit, B.
W. Skelton, A. H. White, J. A. K. Howard, M. I. Bruce and P. J. Low,
Dalton Trans., 2009, 610-620; (b) M. I. Bruce, M. E. Smith, N. N.
Zaitseva, B. W. Skeltonand A. H. White,J. Organomet. Chem.,
2003, 670, 170-177; (c) M. I. Bruce, B. W. Skelton, A. H. White and N.
N. Zaitseva,J. Organomet. Chem., 2003, 683, 398-405; (d) M. |I.
Bruce, P. A. Humphrey, G. Melino, B. W. Skelton, A. H. White and N.
N. Zaitseva, Inorg. Chim. Acta, 2005, 358, 1453-1468.

L. M. Caldwell, Adv. Organomet. Chem., 2008, 56, 1-94.

(a) D. Liu, C. Li, S. Niu, Y. Li, M. Hu, Q. Li, W. Zhu, X. Zhang, H. Dong
and W. Hu, J. Mater. Chem. C, 2019, 7, 5925-5930; (b) S. Akiyama, F.
Ogura and M. Nakagawa, Bull. Chem. Soc. Japan, 1971, 44, 3443-
3445.

(a) M. Moral, A. Garzon-Ruiz, M. Castro, J. Canales-Vazquez and J. C.
Sancho-Garcia, J. Phys. Chem. C, 2017, 121,28249-28261; (b) K.
Schmieder, M. Levitus, H.Dang and M. A. Garcia-Garibay, J. Phys.
Chem. A, 2002, 106, 1551-1556; (c) P. Nguyen, S. Todd, D. Van den
Biggelaar, N. J. Taylor, T. B. Marder, F. Wittmann and R. H. Friend,
Synlett, 1994, 299-301.

M. I. Bruce, J.-F. Halet, B. Le Guennic, B. W. Skelton, M. E. Smith and
A. H. White, Inorg. Chem. Acta, 2003, 350, 175-181.

(a) A. B. Bocarsly, R. E. Cameron, A. Mayr and G. A. McDermott, in
"Photophysics and Photochemistry of Coordination Compounds"
Springer Verlag, Berlin, Heidelberg, 1987, 213-216; (b) R. E. Da Re and
M. D. Hopkins, Coord. Chem. Rev., 2005, 249, 1396-1409.

(a)J. P.Rourke, A. S. Batsanov, J. A. K. Howard and T. B. Marder, Chem.
Commun., 2001, 2626-2627. (b) A. Steffen, M. G. Tay, A. S. Batsanov,
J. A. K. Howard, A. Beeby, K. Q. Vuong, X. Z. Sun, M. W. George and T.
B. Marder, Angew. Chem., Int. Ed., 2010, 49, 2349-2353.



