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ABSTRACT

The Pd(PPhs)s / Cul co-catalyzed reaction of Ru(C=CC=CH)(PPh;3),Cp (2) with aryl
iodides, Ar-I (3 Ar = C¢H4CN-4 (a); C¢HsMe-4 (b); C¢HsOMe-4 (c); 2,3-
dihydrobenzo[b]thiophene (d); CsH4N (e)) proceeds smoothly in diisopropylamine and
under an inert atmosphere to give the substituted buta-1,3-diynyl complexes
Ru(C=CC=CAr)(PPh3),Cp (4a - e) in moderate to good yield. The procedure allows the
rapid preparation of a range of metal complexes of arylbuta-1,3-diynyl ligands without
necessitating the prior synthesis of the individual buta-1,3-diynes as ligand precursors.
Similar reaction of 2 with half an equivalent of 1,4-diiodobenzene affords the bimetallic
derivative {Ru(PPh3),Cp},(u-C=CC=C-1,4-C¢Hs-C=CC=C) (5). In the presence of

atmospheric oxygen, homocoupling of the diynyl reagent 2 takes place to provide the
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octa-1,3,5,7-tetrayndiyl complex {Ru(PPhj3),Cp }»(u-C=CC=CC=CC=C) (6).
Crystallographically determined molecular structures are reported for five complexes (4a,
4b, 4d, 5 and 6). Quantum chemical calculations indicate that the HOMOs are mainly
located on the C4-C¢Hs-C4 and Cg bridges for 5 and 6 respectively, whilst
spectroelectrochemical (UV-vis-NIR and IR) studies on 6 establish that oxidation takes
place at the Cg bridge, likely followed by cyclodimerization reactions of the bridging

ligand.

INTRODUCTION

Metal oligo/polyynyl M{(C=C),H}Ly species have attracted significant interest over

1-13 14-26

several decades, serving as scaffolds for the assembly of bi- and poly-metallic

15, 272
’ ®  and

complexes, and as models and building blocks for metallomacrocycles,
metallo-polymers.”*™ Detailed studies of the underlying electronic structure of this
family of complexes have been undertaken, using a variety of computational and
spectroscopic methods, often with a view to modelling the behavior of these prototypical
molecular wires.”'***° The terminal C=CH moiety in polyynyl complexes M{(C=C),.

1C=CH }L; offers a convenient entry point for the preparation of a wide range of polyynyl

derivatives; however, the functionalization reactions of -(C=C),.;C=CH ligands are

largely based on deprotonation and subsequent trapping with various electrophiles,”****

including metal complex c‘,lc‘,ctrophilf:s.45’46

To the best of our knowledge, the use of the Sonogashira cross-coupling reaction as a tool

to prepare substituted derivatives of buta-1,3-diyl complexes was first demonstrated in
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reactions of W(C=CC=CH)(CO);Cp with iodoaromatics.*’ However, despite further

successful demonstrations of this ‘chemistry on the complex’ concept to functionalize***

or extend>>**

metal-alkynyl ligands through homo or cross-coupling protocols, the use of
cross-coupling reactions to functionalize metal complexes® has been largely overlooked
for the preparation of more functional metal alkynyl complexes. More conventional

strategies involving the metallation of pre-formed alkynes and (poly)ynes of general form

H(C=C),.,C=CR or Me;Si(C=C),.,C=CR**** have been preferred.

We now report the use of Sonogashira-style cross-coupling reactions in the preparation of
a range of ruthenium buta-1,3-diynyl complexes from a common
Ru(C=CC=CH)(PPh3),Cp platform. This strategy obviates the need to prepare different
diyne ligands for each and every complex, providing rapid access to a range of

complexes with various aryl buta-1,3-diynyl ligands.

RESULTS AND DISCUSSION

Fluoride-induced desilylation of the readily-available complex
Ru(C=CC=CSiMes)(PPh;3),Cp (1) affords the terminal buta-1,3-diyl complex
Ru(C=CC=CH)(PPh3),Cp (2),18 which was chosen as a suitable platform on which to test
Sonogashira cross-coupling reactions with a wider range of aryliodides 3 than explored

previously on the W(C=CC=CH)(CO);Cp platform (Scheme 1).*’
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Ru-C=C-C=C-SiMes v Ru-C=c-c=Cc-H — A G \«ﬁfCEC*CEC*Ar
; 2 NHPr, *
Pd(PPhg), 5mol%
Cul 10mol%s e 1,4-CaH,l ™ Pd(PPhg), 5mol%
NHPr, NHiPr, Cul 10mol%

PhyP PhgP
< 3\ PPh < 3\ .PPhg
Ru-C=C-C=C—C=C-C=C-Ril "Ru-C=C-C=C

I\:’Pha 6 @ PheP l\:’Pha @

PhyP

Scheme 1. The Sonogashira cross-coupling reactions of 2 with aryliodides 3a - e yielding

4a — e, and related syntheses of § and 6.

Reaction of 2 with the aryl iodides 3a-e in diisopropylamine co-catalyzed by a simple
Pd(PPhs); (5 mol%) / Cul (10 mol%) mixture gave the substituted buta-1,3-diynyl
complexes Ru(C=CC=CAr)(PPh3),Cp 4a - e in moderate (4a, 47%; 4¢, 59%; 4d, 54%;
de, 60%) to good (4b, 87%) yields. These examples illustrate the versatility of the
‘chemistry-on-complex’ strategy; through this approach buta-1,3-diynyl complexes with
electron-withdrawing (3a C¢H4CN), electro-neutral (3b CcHsMe), electron-donating (3¢
C¢H4sOMe) or metal surface contacting (3d 2,3-dihydrobenzo[b]thiophene (DHBT); 3e
CsH4N) substituents have been obtained. Similarly, reaction of 2 with one-half equivalent
of 1,4-diiodobenzene gave the bimetallic bis(butadiynyl) complex {Ru(PPh3),Cp}.(u-

C=CC=C-1,4-CsH4C=CC=C) (5) in 67% yield.
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The products were obtained in good purity as precipitates from the reaction mixtures and,
where necessary, further purification was achieved by column chromatography and / or
crystallization. Identification of the products was readily achieved through a combination
of IR, IH, B¢ and *'P NMR spectroscopies, MALDI-TOF and high-resolution ES mass
spectrometry. The phosphine ligands were detected in the *'P NMR spectra as singlets in
the narrow range 48.2 (4a) - 49.1 (4¢) ppm, whilst the Cp ligands were detected in the 'H
spectra between 4.33 - 4.38 ppm. The *C NMR resonances were assigned with aid of
values obtained from calculations modeled on 4a. In all cases the buta-1,3-diynyl ligand
gave rise to a two-band v(C=CC=CAr) pattern with absorptions near 2160 and 2020 cm™
that can be approximated as the local oscillations of the C=CAr and Ru-C=C fragments,
respectively.”’ In each case the MALDI-TOF spectrum contained the molecular ion,

together with a fragment ion derived from loss of PPhj in some cases.

Although most commonly used as a cross-coupling methodology, it is well-known that
the Sonogashira cycle can be intercepted by oxidants to promote homo-coupling of the

terminal alkyne.”'74

Indeed, Sonogashira-like conditions in the presence of an additional
oxidant are emerging as a viable alternative to the Glaser-Hay type methods of 1,3-diyne
synthesis.75 Accordingly, the reaction of 2 with catalytic Pd(PPhs)4 / Cul in NHPr', in an
open flask proceeded rapidly to give the homo-coupled octa-1,3,5,7-tetrayndiyl complex

{Ru(PPh3),Cp }»(u-C=CC=CC=CC=C) (6, 55%). Complex 6 (60%)76 and the closely

related buta-1,3-diyndiyl {Ru(PPh3),Cp},(u-C=CC=C) and hexa-1,3,5-
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triyndiyl{ Ru(PPh;3),Cp }»(u-C=CC=CC=C)"’ complexes have previously been prepared
from desilylation / metallation reactions of the appropriate di-, tri- or tetra-yne Me;Si-
(C=C),-SiMe; with RuCl(PPh3),Cp in presence of KF. Other octa-1,3,5,7-tetrayndiyl
complexes have been prepared from oxidative Hay or Glaser style coupling of buta-1,3-

2,58,60,78-82

diynyl complexes, and the approach described here provides a complementary,

and highly convenient route to these systems.

Molecular Structures. Single crystals suitable for X-ray diffraction analysis were
obtained for the buta-1,3-diynyl complexes 4a, 4b, 4d and bimetallic complexes S*CH-
2Cl, and 6°2CH,Cly; the structure of 6e4CHCI; has been reported recently by Bruce and
colleagues.82 Representative plots of 4a, S¢CH,Cl, and 6°2CH,Cl, showing the atom
labeling scheme are given in Figures 1 - 3, and selected bond lengths and angles for 4a,
4b, 4d, 5°CH,Cl,, 6°2CH,Cl, are summarized in Table 1 together with data from
6°4CHCI1;* and DFT optimized structures (vide infra). The diynyl complexes 4a, 4b and
4d featuring the Ru(PPh3),Cp fragment display bond lengths associated with both the
diynyl ligand and the metallic half-sandwich moiety that barely differ from the few other
examples of Ru(C=CC=CR)(PPh;3),Cp compounds reported to date: (R = SiMC3,18
C(Ph)CBrz,69 Ph,77 and CN83). Thus, the ruthenium centers have the usual pseudo-
octahedral geometry, with bond lengths and angles in the ranges: Ru-P 2.284(1) —
2.342(2) A and P(1)-Ru-P(2) 96.42(8) — 101.39(1)°, P(1,2)-Ru-C(1) 88.37(6) - 92.24(5)°.
The Ru-C(1) lengths fall between 1.984(2) A (4a) and 2.002(3) A (4b) which compares
with the 1.986(4) - 1.99(1) A range found in previous examples. For the diynyl chain, the

bond lengths display the expected pattern of short-long alternation: C(1)-C(2) 1.21(1) -
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1.23(1) A; C(2)-C(3) 1.35(1) - 1.38(1) A; C(3)-C(4) 1.168(14) - 1.216(4) A; and the
chain is essentially linear, with angles: Ru-C(1)-C(2) 172.8(2) - 175.6(3)°; C(1)-C(2)-

C(3) 170(1) - 178(1)°.

©CoO~NOUTA,WNPE

Fig.1 Molecular structure of 4a showing the atom labeling scheme. In this and all
34 subsequent plots thermal ellipsoids are drawn at 50% probability level, H-atoms and

36 solvent molecules (when present) are omitted for clarity.
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Table 1. Selected crystallographically determined bond lengths (10\) and angles (°) for complexes 4a, 4b, 4d, 5CH,Cl, and 6°2CH,Cl,, with
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related data from 6*4CHCl; and DFT optimized (B3LYP/3-21G*/CPCM-CH,Cl,) geometries (4a”, 5" and 6”)
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Bond lengths (A) 4a 4a’ 4b 4d 5¢CH,Cl, 5 6°2CH,Cl, | 6°4CHCL* 6
Ru-P(1) 2.2936(5) | 2.3366 | 2.2884(8) | 2.2844 (5) | 2.342(2) |2.3324,2.3344 |2.298(22) | 2.305(2) 2.3432,2.3432
Ru-P(2) 2.2915(5) | 2.3315 | 2.3001(7) | 2.3088 (5) | 2.306(3) | 2.3245,2.3233 |2.282(2) |2.291(2) 2.3404,2.3314
Ru-C(1) 1.984(2) |1.9783 | 2.002(3) | 1.9947 (19) | 1.965(10) | 1.9855,1.9860 | 1.976(5) | 1.963(6) 1.9822, 1.9841
C(1)-C(2) 1.221(3) | 1.2420 | 1.214(4) | 1226 (3) | 1.233(13) | 1.2406, 1.2407 | 1.229(7) | 1.237(7) 1.2440, 1.2445
C(2)-C(3) 1.371(3) | 1.3485 | 1.380(4) | 1.373 (3) | 1.346(14) | 1.3519,1.3519 | 1.362(8) | 1.370(8) 1.3445, 1.3444
C(3)-C(4) 1.204(3) |1.2255 [ 1216(4) | 1211 (3) | 1.168(14) | 1.2250,1.2250 | 1.220(7) | 1.197(7) 1.2345, 1.2346
C(4)-C(5) / C(4)-C(4") 1.4303) | 1.4139 | 1.429(4) | 1431 (3) | 1.476(16) | 1.4174,1.4175 | 1.358(11) | 1.385(12) | 1.3395
Angles (°)

P(1)-Ru-P(2) 101.39(2) | 102.63 | 98.89(3) | 97.44(2) 96.42(8) | 101.07,101.23 | 100.27(5) | 98.74(4) 101.95, 100.35
P(1)-Ru-C(1) 90.67(5) | 90.96 | 89.89(9) | 92.24(5) 93.9(3) |91.07,91.46 86.49(15) | 87.2(1) 88.35, 92.20
P(2)-Ru-C(1) 88.37(6) | 88.24 |91.77(8) | 91.85(5) 90.1(3) | 91.13,90.71 94.12(16) | 93.5(1) 92.07, 89.76
Ru-C(1)-C(2) 175.02) | 175.10 | 175.6(3) | 172.8(2) 172.8(8) | 173.91,173.86 | 168.5(5) | 174.6(4) 173.17, 175.94
C(1)-C(2)-C(3) 178.6(2) | 179.21 | 173.5(3) | 174.9(2) 170.3(12) | 178.95,179.03 | 170.3(6) | 173.6(5) 178.35, 178.76
C(2)-C(3)-C(4) 178.3(2) |179.63 | 177.93) | 178.2(2) 176.2(12) | 179.24,179.87 | 175.0(6) | 176.7(5) 178.97, 179.08
C(3)-C(4)-C(5)/C(3)-C(4)-C(4") | 173.4(2) | 179.63 | 173.6(3) | 179.4(2) 177.2(13) | 179.11,179.35 | 179.8(8) | 178.3(7) 179.05
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In the solid state, the bimetallic complexes 5*CH,Cl, and 6*2CH,Cl, adopt a trans-
conformation of the Cp rings. The torsion angle C(0)-Ru-C(5)-C(6) is 172.9(9)° (C(0)
is the centroid of the Cp ring) suggesting that, at least in the structure adopted in the
solid state, the dy, and dy, orbitals of the Ru atom are able to participate in conjugation
along the carbon-rich bridging ligand. The octa-1,3,5,7-tetrayn-1,8-diyl ligand in
6°2CH,CI, displays the sigmoidal distortions from linearity often observed for
extended carbon chain comple><es.82’84 In 5°CH,Cl, the Ru-C(1) distance (1.965(10)
A) is the shortest in the series, and arguably shorter than the Ru-C, bond found in the
related hexa-1,3,5-triyne-1,6-diyl complex [{Ru(PPh3),Cp}.(up-C=CC=CC=C)]
(2.001(6) A),”” and in 6+2CH,Cl,, but equal to that found in 6<4CHCl; (1.963(6) A).**
Clearly, these small structural variations must be treated cautiously to avoid over-

interpretation.

Fig. 2. A plot of a molecule of 5CH,Cl,. The molecule is located in the center of

symmetry.
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Fig. 3. A plot of a molecule of 6°2CH,Cl,. The molecule is located in the center of

symmetry.

Electrochemistry

The monometallic complexes 4a-4e each give one oxidation wave that is
electrochemically reversiblebut chemically irreversible, supported by the observation
of a 30 mV shift in the peak potential per decade change in scan rate, and peak
currents linear vs v, with peak potentials at 100 mV/s that vary between 0.06 V-
0.22 V and exhibit a trend in accord with the electronic character of the aryl
substituent: Ru(C=CC=CC¢HsOMe-4)(PPh3),Cp 4¢ < Ru(C=CC=CC¢H4Me-
4)(PPh3),Cp 4b < Ru(C=CC=CDHBT)(PPh3),Cp 4d < Ru(C=CC=CCsH4CN-
4)(PPh;),Cp 4a < Ru(C=CC=CCsH4N)(PPh;),Cp 4e (Table 2). The irreversibility of
similar diynyl complexes has been noted on previous occasions,'® and is likely due to
intermolecular coupling of the generated diynyl radicals.®®* A general scheme on this

oxidation dimerization process is depicted in Scheme 2.

ACS Paragon Plus Environment 10
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Table 2. Electrochemical data of the Ru(C=CC=C-Ar)(PPh;3),Cp derivatives 4a-e, 5,

and 6."

Compound En(D) | En(2) | En(3) | En(®)
Ru(C=CC=CCgHsOMe-4)(PPh3),Cp 4c 0.06
Ru(C=CC=CCsHsMe-4)(PPh3),Cp 4b 0.09
Ru(C=CC=CDHBT)(PPh3),Cp 4d 0.11
Ru(C=CC=CCsH4CN-4)(PPh;3),Cp 4a 0.21
Ru(C=CC=CCsH4N)(PPh;),Cp 4e 0.22
{Ru(PPh3),Cp}»(n-C=CC=CC¢HsC=CC=C)5 | 0.04 |0.24

Ein(1) | Epa(2) | Epa(3) | Epa(4)
{Ru(PPh3),Cp},(n-C=CC=CC=CC=C) 6 -0.16 10.15 |0.61 0.82

* Ep, (anodic peak potential, V) vs. ferrocene/ferrocenium (FeCpy/[FeCp,]* =0 V)

(CH,Cl,, 0.1 M NBu4PF, Pt dot working electrode). Data recorded against an internal

decamethylferrocene/ decamethylferrocenium (FeCp*,/[FeCp*,]") standard. Under

these conditions FeCp*,/[FeCp*,]" = -0.53 V vs FeCp,/[FeCp,]".

ACS Paragon Plus Environment

11



©CoO~NOUTA,WNPE

Submitted to Organometallics

Ru—-C=C-C=C-R

—+e
Ru—-C=C-C=C-R
Ilqu
C
I
CI
G 2+
122 | Ru-c=c-c C-R
A4
(IJ
R

Scheme 2. A general oxidation and dimerization process for a Ru-C=C-C=C-R
complex [Ru = Ru(PP)Cp” where PP = (PPh;), or dppe, Cp” = Cp or Cp*; R = aryl or -

(C=0),-Ru].

Similarly, two electrochemically reversible, but chemically irreversible, oxidation
waves (peak potential displaying 30 mV shift per decade change in scan rate, peak

currents linear vs v'?

) are observed in the cyclic voltammogram of the
bis(butadiynyl) complex 5 (Table 2). The chemical stability of [5]* did not improve at
lower temperatures (ambient to -30 °C) and chemical complications evidenced by the
appearance of a new reduction wave at -0.15 V on the return scan were still apparent
at v=800 mV s™'. The chemical instability of this bis(butadiynyl) complex is entirely

consistent with the limited chemical stability of 4a — 4e, and other related systems

reported elsewhere.®
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In contrast to these monometallic buta-1,3-diynyl derivatives, the bimetallic octa-
1,3,5,7-tetrayndiyl complex 6 displays one fully reversible oxidation wave (ipa/ipc =
0.98, AE, = 74 mV which is comparable with the internal decamethylferrocene
reference) and three subsequent, irreversible processes (Table 2). These four
processes correspond well to the four oxidation processes described for the analogous
buta-1,3-diyndiyl (-C=CC=C-) complex {Ru(PPh3),Cp}»(u-C=CC=C).**"" In the case
of the shorter chain analogue, {Ru(PPh3),Cp}.(u-C=CC=C), the first three redox
processes at least are chemically reversible. Spectroelectrochemical studies supported
by quantum chemical calculations have been used to demonstrate the progressive shift
in the character of the carbon chain from butadiyndiyl (-C=CC=C-) through
butatrienylidene (=C=C=C=C=) towards butynediyldiide (=CC=CC=).***" The cation
[{Ru(PPh;3),Cp}»(u-C=CC=C)]" is sufficiently kinetically and thermodynamically
stable to be isolated, and has been explored in a number of contexts.**®" The closely
related hexa-1,3,5-triyn-1,6-diyl complex {Ru(dppe),Cp}.(n-C=CC=CC=C) exhibits
three redox processes in the potential window explored, the first two of which were
reversible, the third being only partially chemically reversible.”® However, in contrast
to the C4 example, the more exposed Cg chain in [{Ru(dppe)>Cp }2(u-C=CC=CC=C)]*
undergoes an intermolecular coupling reaction on timescales longer than the
voltammetric measurement at temperatures above —10 °C to give an unusual dimeric
complex featuring a cyclobutene motif formed by coupling between C,=Cg of one
molecule with C,=C; of another (Scheme 3).%® This contrasting reactivity prompted
further investigation of the first electrochemically reversible process observed for the

Cs bridged complex 6 by spectroelectrochemical methods.
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Scheme 3. The synthesis and dimerization of [{Ru(dppe),Cp }»(n-C=CC=CC=C)]".%*

Spectroelectrochemistry

Spectroelectrochemical (UV-vis-NIR, IR) studies of 6 were conducted in a Hartl-style
OTTLE cell® in 0.1 M NBu4PFs / CH,Cl, solution at ambient temperature. The
characteristic v(C=C) bands of 6 were observed at 2107 and 1955 cm' in the IR
spectrum. On oxidation of 6, the spectrum evolved into a more complex series of
v(CC) bands between 2059 - 1862 cm’! with clear maxima at 2059 s, 2039 sh, 1953 m

and 1862 vs cm ™ (Figure 4). However, back reduction failed to completely recover

ACS Paragon Plus Environment 14
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the original spectrum of 6 suggesting an EC process on the longer timescale of the

electrolysis, albeit low volume, required for the spectroelectrochemical method.

As noted above, the oxidation of a related hexa-1,3,5-triyn-1,6-diyl complex
[{Ru(dppe)Cp}»(u-C=CC=CC=C)] was reported® to give the dimerization product
{cyclo—C([Ru])C(CCCC[Ru])C(CC]Ru]C(CC[Ru])}2+ ([Ru] = Ru(dppe)Cp) (Scheme
3). This dimer has a remarkably similar v(C=C) band pattern at 2080 - 1930 cm™ as
for the oxidized product shown in Figure 4 and suggests that a dimerization product is

also formed on oxidation of 6.

L= -y

I X I * I L |
2200 2000 1800 1600

]
Wavenumber/cm

Fig. 4. The IR spectra collected in a spectroelectrochemical cell during oxidation of 6

(01 M NBU4PF6 / CH2C12)

The oxidation of 6 was also followed in the UV-vis-NIR region. Upon one-electron

oxidation, the spectra display a loss of the intense UV band at 29793 cm™ and the

ACS Paragon Plus Environment 15
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appearance of new features in the NIR region at 7500 cm™, which grew and decayed
during the earlier stages of the electrolysis, and two further bands at 11048 and 14280
cm™, which continued to grow throughout the experiment (Figure 5). Again, back-
reduction failed to regenerate 6, confirming the EC process in the initial stages of the

spectroelectrochemical experiment.

Although we have not identified the product ultimately formed on oxidation of 6, the
transient band observed at 7500 cm™ likely arises from the initial oxidation product
[6]", whilst the relatively intense, persistent features observed at the later stages at
11048 and 14280 cm™ are similar to those observed in the absorption spectrum of
{cyclo-C([Ru])C(CCCC[Ru])C(CCIRu]C(CC[Ru])}** (12060, 16640 cm™, [Ru] =
Ru(dppe)Cp, Scheme 3).°® It therefore appears probable that the initial oxidation of 6
to give the radical cation [6]" is followed by a cyclodimerization process analogous to

that observed for oxidation of [{Ru(dppe)Cp }»(u-C=CC=CC=C)]".

While the radical cation [6]" is observed in the UV-vis-NIR spectra on oxidation, the
IR bands corresponding to [6]" were not observed in the IR spectra on oxidation. The
sample concentration used for IR spectroelectrochemistry is higher than for UV-vis-
NIR spectroelectrochemistry so the rate of dimerization on oxidation would likely be
faster and may account for the failure to detect any appreciable accumulation of [6]"
in the IR experiments. Given the ample evidence for the highly reactive nature of [6]",

efforts to isolate this species were not undertaken.
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-
o

Extinction coefficient (g) (x104)

N
|_\
Extinction coefficient () (x10%)

50 2.0 1.8 1.6 14 1.2 1.0 0.8 0.6

51 Wavenumber (x 10° cm™)

Fig 5. The UV-Vis-NIR spectra collected in a spectroelectrochemical cell during

oxidation of 6 (0.1 M NBusPF¢ / CH,Cl,).
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Quantum chemical calculations

18,89,90 137*39,

The electronic structure of monometallic polyyny and bimetallic polyyndiy

87.91 complexes has been explored in detail over the last 20 years at increasingly
sophisticated levels of theory. Here, hybrid-DFT calculations (B3LYP/3-
21G*/CPCM-CH,Cl,) were carried out on the compounds 5 and 6 to investigate the
influence of the interpolated phenylene ring on the electronic structure of these m-
extended, carbon-rich complexes. The compound 4a was also studied to aid the
assignment of *C NMR spectra in the series 4a — e. Each system was fully optimized
without symmetry constraints, with frequency calculations indicating each structure to

be a true minimum. The resulting computational systems are denoted 4a”, 5" and 6" to

distinguish them from the physical complexes.

Each structure in the bimetallic complexes adopts mutual trans-arrangement of the Cp
rings and, in the case of 57, the phenylene ring essentially bisects the P-Ru-P angles at
each metal (Cp(0)-Ru(1)-C(5)-C(7): —=172.9° (5); 165.26 (57): Cp(0) is the centroid of
the Cp ring). The selected bond lengths and angles for 4a”, 5" and 6" summarized in
Table 1 enable comparison with the crystallographically determined structures. The
majority of experimental bond lengths are reproduced well with differences of < 0.02
A. The most significant deviations arise from the Ru-P distances in 6, which are over-
estimated by 0.04 - 0.06 A, and the +0.06 A difference between the calculated C(3)-
C(4) and C(4)-C(5) distances in 5" and the values obtained from the relatively low

precision crystallographic structure. Nevertheless, deviations of this magnitude are
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not uncommon for calculations of organometallic complexes and the overall level of

agreement is more than satisfactory.

©CoO~NOUTA,WNPE

The electronic structures of 5” (Table 3) and 6” (Table 4) were also examined, those

88990 and give

of buta-1,3-diynyl complexes having been well discussed elsewhere,
16 features that are broadly as expected for half-sandwich alkynyl—deriva‘[ives.92'94 Thus,
18 in each case the HOMO and HOMO-1 have dn/n character along the Ru-C=C-...-

C=C-Ru backbone, with the usual nodal planes between the formally singly-bonded

23 atoms (Figure 6).

‘l

||||||||m\‘||

o1 Figure 6. MO diagrams of 5” (left) and 6" (right) and plots of key frontier molecular

orbitals (contour value +0.02 (e/bohr®)"?).
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These filled frontier orbitals are well separated from the LUMO and LUMO+1
(AEnomo.Lumo: 3.31 eV (57), 3.20 eV (67)), which in 6” are essentially degenerate, and
largely located on the Ru(PPh3),Cp fragments. However, at this level of theory, in §°
the LUMO is bis(butadiynyl)benzene n* orbital in character, with the degenerate
Ru(PPh3),Cp metal-ligand anti-bonding orbitals forming the LUMO+1 and LUMO+2

and lying ca. 0.1 eV above the LUMO.

Whilst the dn/n-type HOMO of 57 is delocalized extensively along the entire length
of the RuC=CC=CC¢H4C=CC=CRu chain (ca. 24% Ru, 48% C4, 15% Cg¢Hs), the
planar phenylene moiety breaks the conjugation in the orthogonal HOMO-1 (ca. 38%
Ru, 40% C4, 4% C¢H,), and gives a substantial HOMO to HOMO-1 gap of ca. 0.5
eV. In contrast, the cylindrical symmetry of the all-carbon chain in 6" results in a
more similar composition and energy of the HOMO (—4.46 eV; 27% Ru, 62% Cg) and
HOMO-1 (—4.64 eV; 27% Ru, 67% Cs). The presence of one (57) or two (6°)
occupied orbitals in the frontier region is consistent with the observation of two (57)
or four (6”) oxidation processes in these complexes. In addition, the lower lying
HOMO of 5" is consistent with the more positive redox potentials (Table 2) observed

for the first and second processes of 5” relative to 6”.
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1

2

3

4 Table 3. Orbital energies (eV) and composition (%) for selected frontier orbitals of 5'.

5

? MO eV Cpl PPhzl Rul Cal CP1 Cyl C81 Ce¢Hy Cd2 Cy2 CB2 Ca2 Ru2 PPh32 Cp2
8 405 L+5 -0.81 4 76 10 1 0 0 0 0 0 0 0 0 1 8 0
9 404 L+4 -0.85 1 98 1 0 0 0 0 0 0 0 0 0 0 0 0
10 403 L+3 -085 0 0 0 0 0 0 0 0 0 0 0 0 1 98 1
11 402 L+2 -1.23 0 0 0 0 0 0 0 0 0 0 0 0 32 54 14
12 401 L+l -1.23 14 54 32 0 0 0 0 0 0 0 0 0 0 0 0
13 400 LUMO -1.33 1 1 2 8 0 11 3 49 3 11 0 8 2 1 1
14 399 HOMO -4.64 3 3 12 5 8 4 7 15 7 4 8 5 12 3 3
ig 398 H-1 514 5 4 20 3 10 1 7 4 6 1 9 3 18 4 5
17 397 H-2 52 1 1 6 1 3 0 2 2 11 2 15 6 40 5 5
18 396 H-3 52 5 5 40 6 15 2 11 2 2 0 3 1 7 1 1
19 395 H4 -5.61 19 16 34 5 4 1 4 1 1 0 1 1 6 3 4
20 394 H-5 -5.62 4 3 6 1 1 0 1 1 4 1 5 5 33 16 19
21

5:23 Table 4. Orbital energies (eV) and composition (%) for selected frontier orbitals of 6'.

gg MO eV Cpl PPh;l Rul Cal CP1 Cyl C361 C32 Cy2 CB2 Co2 Ru2 PPh;2 Cp2

26 385 L+5 -0.81 2 31 6 7 0 8 4 4 8 0 7 6 13 3

27 384 L+4 -0.82 2 60 9 4 0 4 2 2 4 0 3 2 6 1

28 383 L+3 -0.88 1 68 2 3 0 3 2 2 3 0 3 3 8 1

29 382 L+2 -09 0 3 0 1 0 1 1 1 1 0 1 6 82 2

30 381 L+1 -125 0 0 0 0 0 0 0 0 0 0 0 34 52 15

31 380 LUMO -126 15 53 32 0 0 0 0 0 0 0 0 0 0 0

32 379 HOMO -446 3 3 13 8 8 7 7 8 71 9 8 14 3 3

> 378 H-1  -464 1 1 4 9 8 8 8 8 9 8 9 13 1 1

35 377 H-2 -5.44 7 6 21 0 8 1 4 4 1 8 0 25 6 8

36 376 H-3 546 13 10 34 1 2 0 1 1 0 3 1 21 6 7

37 375 H-4 556 10 7 18 2 1 1 1 1 1 1 2 27 14 17

38 374 H-5 -5.88 4 7 28 1 8 0 4 4 0 8 1 23 6 4

39

40

41

42

43

44

45
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Conclusion

We have demonstrated that the availability of stable terminal buta-1,3-diynyl
complexes makes Sonogashira cross-coupling protocols an appealing entry point for
the preparation of a wide range of substituted buta-1,3-diynyl compounds, thereby
avoiding the preparation of buta-1,3-diyne ligand precursors. The process is suitable
for the preparation of ‘simple’ buta-1,3-diynyl complexes, i.e. those bearing
substituents, which are chemically and functionally rather complex, such as 2,3-
dihydrobenzo[b]thiophene (4d) and pyridine (4e), and more elaborate bis(diynyl)
complexes such as 5. Facile homo-coupling of Ru(C=CC=CH)(PPh;),Cp in the
presence of Pd(Il) / Cu(I) co-catalysts and air as an oxidant affords the octa-1,3,5,7-
tetra-1,8-diyl complex 6. Whilst the chemical reactivity of [5]" and [6]" prevented
detailed analysis of these compounds by spectroelectrochemical methods, DFT
calculations indicate the significant organic character in the frontier orbitals of 5" and
6°. The significant difference in the relative energy and composition of the HOMO-1
in these complexes is consistent with the trends in electrochemical properties. The
work described here therefore extends the ‘chemistry on the complex’ approach to the
preparation of complex organometallic compounds, and further illustrates the facile

synthetic routes that may be developed using this strategy.

Experimental

General conditions. All reactions were carried out in oven-dried glassware under
oxygen-free argon atmosphere using standard Schlenk techniques. Diisopropylamine
and triethylamine were purified by distillation from KOH, other reaction solvents

were purified and dried using Innovative Technology SPS-400 and degassed before
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use. The compounds Ru(CECCECH)(PPh3)2Cp18 and 3d” were prepared by literature
methods. Other reagents were purchased commercially and used as received. NMR
spectra were recorded in deuterated solvent solutions on Bruker Avance 400 MHz and
Varian VNMRS 700 MHz spectrometers and referenced against residual protio-
solvent resonances (CHClz: 'H 7.26 ppm, B¢ 77.00 ppm and CH,Cl,: 'H 5.32 ppm,
BC 53.84 ppm). In the NMR peak assignments, the phenyl ring associated with the
dppe and PPh; are denoted Ph, and Ar indicates any arylene group belonging to the
alkynyl ligands. NMR spectra for 4a-e, S and 6 are depicted in Figures S1-S28. The
Cp, C, and Cs BC NMR peaks were assigned with the aid of computed GIAO-NMR

data and are listed in Table S1.

Matrix-assisted laser desorption ionization (MALDI) mass spectra were recorded
using an Autoflex II TOF/TOF mass spectrometer with a 337 nm laser. Infrared
spectra were recorded on a Thermo 6700 spectrometer from CH,Cl, solution in a cell
fitted with CaF, windows. Electrochemical analyses were recorded using a BAS
CV50W electrochemical analyzer fitted with a three-electrode system consisting of a
Pt disk as working electrode, auxiliary and reference electrode from solution in
CH,Cl, containing 0.1 M NBu4PF¢. Plots of the CVs of 4a-e, 5 and 6 are shown in

Figures S29-S32.

X-ray crystallography. Single-crystal X-ray data for compounds 4a,b,d were
collected at 120(2) K on a Bruker SMART CCD 6000 (fine-focus sealed tube,
graphite-monochromator) and for compound 6 on a Bruker D8Venture (Photon 100

CMOS detector, InS microsource, focusing mirrors) diffractometers using Mo Ka
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radiation (A = 0.71073 A). The data for extremely small and weakly diffracting
crystals of § were collected at 150(2) K on a Rigaku Saturn 724+ diffractometer at
station 119 of the Diamond Light Source (UK) synchrotron (undulator, A = 0.6889 A,
w-scan, 1.0°/frame). The temperature on the crystals was maintained with Cryostream
(Oxford Cryosystems) open-flow nitrogen cooling devices. All structures were solved
by direct methods and refined by full-matrix least squares on F* for all data using
SHELXL” and OLEX2"’ software. All non-disordered non-hydrogen atoms were
refined with anisotropic displacement parameters; H atoms were placed in the
calculated positions and refined in riding mode. One of the Cl atoms in the CH,Cl,
solvate molecule in the structure 6 showed abnormal a.d.p.’s and was modelled as
disordered over two positions with fixed SOF 0.8 and 0.2. The largest component was
refined in anisotropic mode, the minor one was left isotropic. The attempts to model a
possible disorder of corresponding carbon atom did not result in any improvement of
the model and the atom was refined with full occupancy. Crystallographic data for the
structures have been deposited with the Cambridge Crystallographic Data Centre as

supplementary publications CCDC-1033080-1033084.

General procedure for the preparation of the buta-1,3-diynyl ruthenium (II)
complexes 4a 4b, 4c, 4d, 4e: In a Schlenk flask, a mixture of
Ru(C=CC=CH)(PPh3),Cp (2), 1.5 equivalents of the appropriate iodoaryl, 5%-mol
Pd(PPhs); and 10%-mol Cul was added to degassed diisopropylamine (NHPr')
(ImL/mmol). The reaction mixture was heated at 90 °C for 2 h after which time the
heating bath was removed and the solution allowed to cool to room temperature. The
resulting precipitate was collected by filtration, washed with cold hexane, dried, and

washed with cold MeOH, and dried in air to give the final compound.
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Ru(C=CC=C-CsH,CN-4)(PPh;3),Cp (4a).98 From 2 (100 mg, 0.135 mmol) and
isolated as a honey-yellow colored solid. Yield: 53 mg, 0.063 mmol (47%). Single
crystals suitable for X-ray diffraction were grown by slow diffusion of methanol into
a CH,Cl, solution containing 5% NEts. '"H NMR (400 MHz, CDCl»): 6 7.43 (ABq, J
= 8.2 Hz, 4H, Ar), 7.37-7.35 (m, 12H, Ph), 7.21-7.19 (m, 6H, Ph), 7.12-7.10 (m, 12H,
Ph), 4.33 (s, 5H, Cp) ppm. >'P {'H} NMR (162 MHz, CDCL): & 48.2 (s) ppm.
BC{'H} NMR (700 MHz, CDCls): & 138.1-137.8 (m, Ph;), 134.1 (t, J = 24.7 Hz, Cy)
133.6 (t, ] = 4.9 Hz, Ph,), 132.6 (HCa,), 131.6 (Car), 131.5 (HCx,), 128.7 (Phy), 127.4
(t, J = 4.6 Hz, Phy,), 119.3 (C=N), 108.2 (Ca), 96.0 (Cp), 85.9 (Cp), 85.7 (C,), 61.8
(Cs) ppm. IR (CH,Cl,): v(C=CC=C) 2147 s, 2017 m cm™. MS (MALDI-TOF): m/z
579.2 [M-PPh;3]", 719 [Ru(CO)(PPh;),Cp]*, 841 [M]". HR-ESI*-MS: m/z calcd for
C52H40NP296Ru 836.1712; found 836.1737. Crystal data for 4a: Cs;H3sNP,Ru, M =
840.85, monoclinic, space group P2,/c, a = 14.2477(6), b = 16.6875(8), ¢ =
17.3130(8) A, B = 90.515(1)°, U = 4116.1(3) A®, F(000) = 1728, Z = 4, Dc = 1.357
mg m?, p = 0.496 mm’™. 64895 reflections were collected yielding 10431 unique data
(Rmerg = 0.0691). Final WR2(F2) = 0.0818 for all data (505 refined parameters),

conventional R1(F) = 0.0330 for 7972 reflections with I > 26, GOF = 1.007.

Ru(C=CC=C-CsH,CH3-4)(PPh;),Cp (4b). From 2 (40 mg, 0.054 mmol) to give a
yellow solid. Yield: 39 mg, 0.047 mmol (87%). Single crystals suitable for X-ray
diffraction were grown by slow diffusion of methanol into a CH,Cl, solution
containing 5% NEts. '"H NMR (400 MHz, CDCl5): & 7.44-7.39 (m, 12H, Ph), 7.34-

7.32 (m, 2H, Ar), 7.26-7.20 (m, 6H, Ph), 7.15-7.11(m, 12H, Ph), 7.05-7.03 (m, 2H,
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Ar), 4.33 (s, 5H, Cp), 2.32 (s, 3H, CH;3) ppm. >'P{'H} NMR (162 MHz, CDCl3): &
48.4 (s) ppm. “C{'H} NMR (700 MHz, CDCL): & 138.3-137.8 (m) (Ph;), 135.5
(Can, 133.6 (t, T = 5.1 Hz, Ph,), 132.0 (HCy,), 128.4, 128.3 (HCx, or Phy), 127.1 (t, J
= 4.6 Hz, Phy,), 122.8 (t, ] = 24.9 Hz, C,), 122.7 (Ca), 95.4 (Cp), 85.4 (Cp), 79.3 (C)),
62.7 (Cs), 21.1 (CH3) ppm. IR (CH,Cly): v(C=CC=C) 2159 s, 2021 m cm™. MS

(MALDI-TOF): m/; 568.2 [M-PPhs]*, 830.0 [M]*. HR-ESI-MS: m/z caled for

CsHioP, Ru 824.1838; found 824.1862. Crystal data for 4b: Cs;Hi;P,Ru, M

829.87, monoclinic, space group P2;/n, a = 12.9342(9), b = 23.3662(17), c
13.3100(10) A, B = 98.512(2)°, U = 3978.3(5) A*, F(000) = 1712, Z = 4, D, = 1.386
mg m>, p=0.511 mm’. 45590 reflections were collected yielding 9605 unique data
(Rimerg = 0.0997). Final WRZ(FZ) = 0.0860 for all data (497 refined parameters),

conventional R{(F) = 0.0413 for 5906 reflections with I > 2o, GOF = 0.961.

Ru(C=CC=C-CsH,OMe-4)(PPh3),Cp (4c). From 2 (40 mg, 0.054 mmol) to give a
yellow solid. Yield: 27 mg, 0.032 mmol (59%). '"H NMR (400 MHz, CDCl3): 6 7.43-
7.40 (m, 12H, Ph), 7.37 (d, J = 8.6 Hz, 2H, Ar), 7.24-7.20 (m, 6H, Ph), 7.15-7.11 (m,
12H, Ph), 6.79 (d, J =8.6 Hz, 2H, Ar), 4.33 (s, 5SH, Cp), 3.80 (s, 3H, OMe) ppm.
J'p{'"H} NMR (162 MHz, CDCls): 8 49.1(s) ppm. "C{'H} NMR (600 MHz, CDCl;):
S 158.0 (Ca-OMe), 138.6-137.9 (m, Phy), 133.7 (t, J = 5.1 Hz, Ph,), 133.5 (HC4,),
128.5 (Phy), 127.3 (t,J =4.7 Hz, Phy), 122.1 (t, J =25.0 Hz, C,), 118.1 (Ca,), 113.6
(HCar), 95.4 (Cp), 85.6 (Cp), 78.7 (C)), 62.4 (Cs), 55.1 (O-CH3). IR (CHyCly):
v(C=CC=C) 2160, 2021 cm™". MS (MALDI-TOF): m/z 584.1 [M-PPhs]*, 846.1 [M]".

HR-ESI*-MS: m/z caled for Cs,HyOP, °Ru 840.1787; found 840.1828.
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Ru(C=C-C=C-DHBT)(PPh;);Cp (4d). From 2 (40 mg, 0.054 mmol) to give a
mustard-colored solid. Yield: 25 mg, 0.029 mmol (54%). Single crystals suitable for
X-ray diffraction were grown by slow diffusion of methanol into a CH,Cl, solution
containing 5% NEt;. 'H NMR (400 MHz, CDCl3): & 7.42-7.37 (m, 12H, Ph), 7.24-
7.18 (m, 8H, Ph + Ar), 7.13-7.09 (m, 12H, Ph), 7.06 (d, J = 8.0 Hz, 1H, Ar), 4.32 (s,
5H, Cp), 3.35-3.31 (m, 2H), 3.24-3.20 (m, 2H) ppm. *'P {'"H} NMR (162 MHz,
CDCL): & 48.4 (s) ppm. “C{'H} NMR (700 MHz, CDCL): & 139.8 (Ca,), 139.3
(Car), 138.3-138.1 (m, Ph;), 133.7 (t, J = 4.9 Hz, Ph,), 131.5 (HC4,), 128.5 (Ph), 128.0
(HCar), 127.3 (t, J = 4.6 Hz, Phy,), 121.6 (Ca;), 121.5 (HCa,), 95.5 (Cp), 85.6 (Cp),
79.7 (C,), 62.7 (Cs), 35.9 (CH,), 33.4 (CH,) ppm, the C, peak was not visible. IR
(CH,Cly): v(C=CC=C) 2156, 2015 cm'. MS (MALDI-TOF):: m/ 719.1
[Ru(CO)(PPh3),Cp]*, 875.2 [M]". HR-ESI*-MS: m/z caled for Cs3HiP,S™Ru
868.1558; found 868.1597. Crystal data for 4d: CssHipPoRuS, M = 873.94,
monoclinic, space group P 2i/n, a = 11.2014(7), b = 16.3616(11), c = 22.0949(14) A,
B = 90.675(2)°, U = 4049.1(5) A*, F(000) = 1800, Z = 4, D, = 1.434 mg m™, p =
0.556 mm™'. 66387 reflections were collected yielding 10767 unique data (Ruyerg =
0.0420). Final wR»(F*) = 0.0423 for all data (682 refined parameters), conventional

R(F) = 0.0315 for 8977 reflections with I > 26, GOF = 1.065.

Ru(C=CC=C-CsH4N)(PPh;3);Cp (4e). From 2 (50 mg, 0.067 mmol) to give a yellow
powder. Yield: 33 mg, 0.040 mmol (60%). '"H NMR (400 MHz, CD,Cl,): 6 8.40 (d, J

= 6.1 Hz, 2H, Ar), 7.39-7.36 (m, 12H, Ph), 7.29-7.27 (m, 6H, Ph), 7.22 (d, J = 6.1 Hz,
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2H, Ar), 7.18-7.15 (m, 12H, Ph), 4.38 (s, 5H, Cp) ppm. *'P{'"H} NMR (162 MHz,
CDCL): 8 48.9 (s) ppm. “C{'H} NMR (600 MHz, CDCl5): & 149.0 (HCh,), 138.1-
137.8 (m, Ph), 134.6 (Ca,), 133.6 (t, J = 5.0 Hz, Ph,), 128.7 (Ph,), 127.4 (t, ] = 5.0
Hz, Phy), 126.4 (HCa)), 95.7 (Cp), 85.9 (Cp), 85.7 (C,), 60.4 (Cs), the C,, peak was
not visible. IR (CH,Cl,): v(C=CC=C) 2150 m, 2006 cm™. MS (MALDI-TOF): m/z

817.1, [M]". HR-EST*-MS: m/z calcd for CsoHsoNP, °Ru 812.1712; found 812.1740.

{Ru(PPh;3),Cp }»(u-C=C-C=CCsH5C=C-C=C) (5). A solution of
Ru(C=CC=CH)(PPh3),Cp (2) (100 mg, 0.135 mmol), 1,4-diiodobenzene (23 mg,
0.067 mmol), Pd(PPh3)s (7 mg, 0.006 mmol) and Cul (2 mg, 0.012 mmol) in
diisopropylamine (10 mL) was stirred for 2 h at room temperature before being heated
at reflux for 2 h. The solvent was removed, and the residue purified on a neutral
alumina column eluted with CH,CI,:NEt; (95:5 v/v). The yellow band was collected
and reduced to the minimum volume prior to addition of MeOH (5 mL). On further
concentration, a gold-brown solid precipitated which was collected by filtration,
washed with MeOH and air-dried. Yield: 70 mg, 0.045 mmol (67%). Single crystals
suitable for X-ray diffraction were grown by slow diffusion of diethyl ether into a
CH,Cl, solution containing 5% NEts. '"H NMR (400 MHz, CDCls): 6 7.44-7.29 (m,
24H, Ph), 7.30 (s, 4H, Ar), 7.25-7.21 (m, 12H, Ph), 7.15-7.12 (m, 24H, Ph), 4.34 (s,
10H, Hc,) ppm. *'P{'H} NMR (162 MHz, CDCl;): & 48.4 (s) ppm. "C{'H} NMR
(700 MHz, CDCl3): & 138.3-138.1 (Ph;), 133.7 (t, J = 5.0 Hz, Ph,), 131.8 (HCa,),
128.5 (Phy), 127.3 (t, J = 4.7 Hz), Phy,), 125.7 (t, J = 23.0 Hz, C,), 123.4 (Ca,), 95.9
(Cp), 85.6 (Cp), 81.8 (C)), 63.4 (Cs), the C, peak was not visible. IR (CH,Cl):

v(C=CC=C) 2155 s, 2016 m cm™. MS (MALDI-TOF; m/7): 1554.0 [M]*. HR-EST*-
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MS: m/z caled for CosH74PsRu, 1554.2871; found: 1554.2665. Crystal data for 5:
CosH74P4Ru,.CH,Cl,, M = 1638.50, monoclinic, space group P2,/c, a =16.693(7), b =
11.384(4), c = 21.646(9) A, p = 98.678(5)°, U = 4066(3) A*, F(000) = 1680, Z = 2, D,
= 1.338 mg m”, p = 0.563 mm™. 20671 reflections were collected yielding 6114
unique data (Rperg = 0.0929). Final WRz(Fz) = 0.2575 for all data (487 refined
parameters), conventional R;(F) = 0.0800 for 3957 reflections with I > 2o, GOF =
1.024. Due to extremely weak diffraction only reflections with 20 < 46° were used in

the refinement.

{Ru(PPh;3),Cp }»(1-C=CC=CC=CC=C) (6). An open flask was charged with a
solution of Ru(C=CC=CH)(PPh3),Cp (2) (100 mg, 0.135 mmol), Pd(PPh3)4 (6.8 mg,
0.006 mmol) and an excess of Cul (8 mg) in NHPr', (8 mL). The mixture was stirred
at room temperature for 1 h after which time the solution had turned yellow and a
brown precipitate had formed. The solvent was removed and the residue purified on a
neutral alumina column eluted by CH,Cl,/5% NEt;. After precipitation from hexane a
bright yellow solid was obtained. Yield: 55 mg, 0.037 mmol (55%). Crystals suitable
for X-ray diffraction were obtained from CH,Cl, / Et,O by slow diffusion. '"H NMR
(400 MHz, CD,Cl,): & 7.42-7.38 (m, 24H, Ph), 7.24-7.21 (m, 12H, Ph), 7.15-7.11 (m,
24H, Ph), 4.31 (s, 10H, Cp) ppm. *'P{'H} NMR (162 MHz, CDCls): & 48.9 (s) ppm.
BC{'H} NMR (600 MHz, CD,CL): & 138.9-138.3 (Ph;), 134.1 (t, J = 5.0 Hz, Ph,),
129.2 (Phy), 127.8 (t, J = 4.6 Hz, Phy), 119.6 (t, J = 24.9 Hz, C,), 96.7 (Cp), 86.4
(Cp), 62.6 (C)), 51.7 (Cs). IR (CH,Cly): v((C=C)4) 2107 s, 1955 m cm’. MS*
(MALDI-TOF): m/z 954.1 [M-2PPh;]*, 1216.1 [M-PPhs]", 1478 [M]*. HR-EST*-MS:

m/z caled for CooHpoPsRu, 1478.2556; found 1478.2368. Calculated for
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Co1H70P4Ru,.0.5CH,Cly: C, 71.51; H, 4.71. Found: C, 71.85; H, 4.80. Crystal data for
6: CooH7oPsRu,.2CH,Clp, M = 1647.33, triclinic, space group P -1, a = 8.8692(4), b =
12.6858(5), ¢ = 17.6885(7) A, o = 90.25(2), B = 96.49(2), y = 96.492)°, U =
1895.35(14) A®, F(000) = 842, Z = 1, D, = 1.443 mg m™, p = 0.672 mm’". 32488
reflections were collected yielding 8724 unique data (Rpyerg = 0.1696). Final WRz(Fz)
= 0.1745 for all data (464 refined parameters), conventional R;(F) = 0.0753 for 5362

reflections with I > 2o, GOF =0.991.

Computations

All hybrid-DFT computations were carried out with the Gaussian 09 package.99 The
geometries of 4a, 5 and 6 discussed here were optimized at the B3LYP/3-21G* level

of theory'!"!

with no symmetry constraints with the polarized solvent continuum
model (dichloromethane) applied.102 These geometries revealed no imaginary
frequencies indicating true minima. Electronic structure calculations were also carried
out at the B3LYP/3-21G* level of theory. The MO diagrams and orbital contributions
were generated with the aid of GaussView 5.0 and GaussSum packages respectively.
19319 Theoretical *C NMR chemical shifts obtained at the GIAO'*-B3LYP/3-
21G*//B3LYP/3-21G* level on the optimized geometries were referenced to TMS:

5("*C)=207.1 - o(**C).
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Whilst compound 4b analyzed well, and 6 as a partial CH,Cl, solvate
(consistent with the crystallographic work and the '"H NMR spectrum) the
other complexes consistently analyzed very low in carbon. For example 4c:
Cs,H4,OP,Ru C, 73.83; H, 5.00. Found C, 71.45; H, 4.31. 4d: Cs3H4,P2RuS C,
72.84; H, 4.84. Found C, 68.75; H, 4.89. It is known that unsaturated,
acetylene-rich compounds can thermally polymerize to give some
extraordinarily robust thermoset carbonaceous materials; see, for example, (a)
Stephens, E.B.; Tour, J.M. Adv. Mater. 1992, 4, 570-572 (b) Stephens, E.B.;
Tour, J.M. Macromol. 1993, 26, 2420-2427; (c) Ozaki, J.; Ito, M.; Fukazawa,
H.; Yamanobe, T.; Hanaya, M.; Oya, A. J. Anal. Appl. Pyrol. 2006, 77, 56-
62). Although we do not wish to be drawn on undue speculation, the low
carbon analysis is at least consistent with formation of such thermoset

materials during thermal analysis.
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Fig.1 Molecular structure of 4a showing the atom labeling scheme. In this and all subsequent plots thermal
ellipsoids are drawn at 50% probability level, H-atoms and solvent molecules are omitted for clarity.
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Fig. 2. A plot of a molecule of 5. The molecule is located in the center of symmetry.
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Fig. 3. A plot of a molecule of 6. The molecule is located in the center of symmetry.
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Fig. 4. The IR spectra collected in a spectroelectrochemical cell during oxidation of 6 (0.1 M NBu4PF6 /
CH2CI2).
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Fig 5. The UV-Vis-NIR spectra collected in a spectroelectrochemical cell during oxidation of 6 (0.1 M
39 NBU4PF6 / CH2CI2).
40 114x166mm (72 x 72 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Submitted to Organometallics

ACS Paragon Plus Environment

Page 44 of 48



Page 45 of 48 Submitted to Organometallics

[NBu,JF 3 I—Ar (3) I
Ru-C=C-C=C-SiMe; — > Ru-C=C-C=C-H — — —~ "/ \‘R\U*C:C*C:C*Af

PhyP' Pd(PPhg), 5mol% PhsP PPh,

Cul 10mol%

1 2 NHPri,

Pd(PPhg)4 5mol%
12 Cul 10mol%

©CoO~NOUTA,WNPE

PhyP’

PPh, PPh,

Pd(PPhg)4 5mol%
Cul 10mol%

air 1,4-CgHyl,

NHPr, NHiPr,

16 &
Ru-C=C-C=C-C=C-C=C-Ri Ru-C=C-C=C C=C-C=C-Ri

17 Sy \ A )

18 PhsP" Bphg ] PhsP” Bph,

28 188x112mm (300 x 300 DPI)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Submitted to Organometallics

Ru—C=C-C=C-R

Ru—C=C-C=C-R

Ru

C

C

|
PN 2+
1/2 Ru—C=C-C o C—-R
N\
B
R
Scheme 2. A general oxidation and dimerization process for a Ru-C=C-C=C-R complex [Ru = Ru(PP)Cp’

where PP = (PPh3)2 or dppe, Cp’ = Cp or Cp*; R = aryl or -(C=C)n-Ru].
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47 Scheme 3. The synthesis and dimerization of [{Ru(dppe)2Cp}2(p-C=CC=CC=C)]+.68
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