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Abstract

The diiron vinyliminium compounds [Fex{u-n':n*-C(R?=C(H)C=N(Me)R'}(u-CO)(CO)(Cp),]
(R" = Xyl = 2,6-CsHsMe,, R? = Me; R' = Me, R? = CO,Me) provide a versatile entry point for
many subsequent transformations, such as their reaction with carbon disulfide to provide
zwitterionic dithiocarboxylate products. These compounds react with the coordinatively-
unsaturated ruthenium vinyl precursors [Ru(CH=CHR®)CI(CO)(PPhs),] (R® = CsHsMe-4, 1-
Pyrenyl) to yield heterotrimetallic Fe,Ru compounds, exhibiting vinyl moieties at both iron

and ruthenium centres.
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Introduction

The ability to bring multiple metals together within the same molecular framework
opens up the possibility of many fascinating interactions. These have been exploited in many
areas, including catalysis,' sensing? and imaging.® In particular, diiron assemblies are very
well known and heavily investigated due to their important role in nature,* such as
hemerythrin, which reversibly binds dioxygen® and [FeFe] hydrogenases.® Many pioneering
investigations have employed diiron units in the cleavage of challenging C-H and O-H
bonds,” oxidation of methane® or form ammonia as a nitrogenase mimic.? In many examples,
the accessibility of different oxidation states is fundamental to the action of these diiron
systems,'® which once again relies on the redox potential of the two iron centres in order to
function. This has been used by Gibson and Long to modulate the lactide polymerisation
behaviour of a ferrocenyl-derivatised salen-based ligand bonded to a titanium centre.'" In
oxidised form, the resulting positively charged complex is found to be a significantly less
effective catalyst due to the electron withdrawing effect, allowing block copolymers to be
prepared through sequential addition of monomers. This redox-switch catalysis is also
explored in this contribution.

The potential for diiron units to be used themselves as ligands was indicated by the
work of Busetto and Marchetti and coworkers, who prepared a series of vinyliminium diiron
complexes (1 and 2 in Scheme 1), which are susceptible to a variety of nucleophilic

additions." " Furthermore, i

these p-vinyliminium ligands undergo deprotonation of the the a-C—H proton,’ which has
been exploited to introduce a variety of substituents and functionalities into the diiron
frame."® In particular, the C—H activation in the presence of the heteroallene, CS,, leads to

the zwitterionic dithiocarboxylates shown in Scheme 1.
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Scheme 1. Preparation of diiron dithiocarboxylate betaine complexes 3 and 4.
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In recent years, our investigations have concentrated on the additional functionality
afforded to metal complexes and gold nanoparticles by the addition of dithiocarbamate'” and
xanthate'® ligands. In particular, their application in the formation of multimetallic assemblies

is noteworthy.'® These studies on 1,1’-dithio ligands have been extended to the-investigation
20

In this contribution, the dithiocarboxylate betaines shown in Scheme 1 are employed
to form multimetallic compounds with other group 8 metals, forming heterotrinuclear
assemblies. In contrast to previous work, the availability of a 1,1’-dithio ligand with intimate
connection to the diiron unit offers the possibility of influencing the behaviour of the metal

centre to which the dithiocarboxylate is attached.

Results and Discussion

Ruthenium vinyl compounds of the form [Ru(CH=CHR)CI(CO)(PPh;),*' and
[Ru(CH=CHR)CI(CO)(BTD)(PPhs),] (BTD = 2,1,3-benzothiadiazole)* are readily accessible
through hydroruthenation of alkynes by hydride precursors (R = alkyl or aryl substituents).
These vinyl compounds have proved versatile precursors for many further transformations,
including the addition of mono- and polydentate ligands.?® The BTD compounds
[Ru(CH=CHR)CI(CO)(L)(PPh3),] (L = BTD, thienyl-BTD) have recently been employed as
highly selective and sensitive probes for carbon monoxide.?*

The two zwitterionic dithiocarboxylate complexes used in this study were chosen on
the basis of their differing steric profiles. The diron compound, [Fex{u-n":n*
C(Me)=C(CS,)C=N(Me)Xylyl}(u-CO)(CO)(Cp).] (3), has been reported previously,'® whereas
the analogue, [Fe,{u-n':n>-C(CO,Me)=C(CS,)C=NMe,}(u-CO)(CO)(Cp).] (4), was prepared
for this study, in a moderate yield. Compound 4 has a less pronounced steric profile due to
the less bulky NMe, and-G*-ester group. Due also to the presence of the CO,Me ester group,
displayed three methyl singlet resonances in the higher field region, at 3.28, 3.80 and 4.08
ppm. The former were attributed to the NMe, group and the latter to the CO,Me ester unit.
The spectrum was completed by two singlets at 5.12 and 5.25 ppm for the two
cyclopentadienyl ligands.

Reaction of [Fey{u-n':n*-C(Me)=C(CS,)C=N(Me)(Xyl)}(u-CO)(CO)(Cp).] (3) with
coordinatively-unsaturated  [Ru(CH=CHCsH;sMe-4)CI(CO)(PPhs),] and NH4PFs in
dichloromethane led to an immediate darkening of the solution. While anaerobic conditions
were used as a precaution, the dark brown product isolated appeared to be indefinitely

stable in air and light. The solid state infrared spectrum proved particularly diagnostic as the
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absorptions for the terminal and bridging carbonyl ligands of the diiron unit were retained in
the product at 1982 and 1820 cm™, respectively, alongside a new band at 1929 cm™,
attributed to the Ru-CO ligand. In contrast to the singlet at 30.9 ppm observed for the
precursor, the *'P{'"H} NMR spectrum of the product showed a pair of doublets at 37.2 and
39.6 ppm (3Jpp = 282 Hz), showing substantial roofing effects. This indicated the
inequivalence of the two phosphorus nuclei due to the orientation of the diiron unit. The 'H
NMR spectrum displayed the expected features for the diiron unit with resonances attributed

xylyl substituents between 1.80 and 3.36 ppm. It was not possible to unequivocally assign
the methyl protons of the tolyl substituent, however, the presence of the ruthenium-bound
vinyl ligand was confirmed by resonances for the Hp at 5.71 ppm (*Juy = 16.0 Hz). The
resonance for the HB proton was obscured by the aromatic protons of the
triphenylphosphine ligands. A molecular ion at m/z 1330 in the electrospray mass spectrum

(+ve mode) confirmed the overall composition for 5 as that shown in Scheme 2:
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Scheme 2. Preparation of heterotrimetallic group 8 complexes 5 - 7.
The analogous reaction of the new diron compound, [Fex{u-n":n*
C(CO,;Me)=C(CS,)C=NMe,}(u-CO)(CO)(Cp).] (4), with [Ru(CH=CHCsH,;Me-
4)CI(CO)(PPhg),] in the presence of NH,PF; led to the formation of compound 6. Similar
features were observed as for 5 with the exception of a new feature at 1703 cm™ in the solid
state infrared spectrum for the C=0 of the methyl ester group and additional resonances in
the '"H NMR spectrum corresponding to the CO,Me and NMe, protons. The similarity in
reactivity between 3 and 4, despite their differing steric profiles, led to the more synthetically

accessible 3 being used in the subsequent reactions.

The 1-pyrenyl vinyl complex, [Ru(CH=CHPyr-1)CI(CO)(PPh;),], was investigated
partly due to the photophysical properties arising from the pyrenyl substituent. The closely-
related precursor, [Ru(CH=CHPyr-1)CI(CO)(BTD)(PPh;),], reacts with CO to afford the 36-
times more fluorescent complex, [Ru(CH=CHPyr-1)CI(CO),(PPh3),], allowing CO to be
detected in amounts as low as 1 ppb. This behaviour is partly attributed to the quenching
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effect of the BTD ligand but the effect of the dithiocarboxylate ligand was unknown. Reaction
of [Ru(CH=CHPyr-1)CI(CO)(PPh3);] with 3 in the
led to isolation of [Fey{u-n'n*-C(Me)=C(CS,{Ru(CH=CHPyr-
1)(CO)(PPh3),}C=N(Me)Xylyl](u-CO)(CO)(Cp),]PFs (7). Similar spectroscopic data were
observed as for compound 5 apart from new features due to the pyrenyl unit (doublet at 6.86

presence of ammonium

hexafluorophosphate

ppm, >Jun = 8.1 Hz) in the "H NMR spectrum. The overall formulation was supported by the
molecular ion at m/z 1440 in the electrospray mass spectrum (+ve mode). Effect of this on

fluorescence?

Conclusions

This report illustrates how multimetallic compounds can be constructed in a controlled,
stepwise manner by exploiting the reliable reactivity of 1,1’-dithio units. Heterotrimetallic
Fe,Ru compounds are formed from the reaction of zwitterionic diiron vinyliminium
dithiocarboxylate units, [Fe,{u-n':n>-C(R?*=C(CS,)C=N(Me)R"}(u-CO)(CO)(Cp),] (R' = Xy,
R? = Me; R' = Me, R? = CO,Me), acting as effective organometallic k2S-ligands, with the
versatile five-coordinate ruthenium vinyl precursors [Ru(CH=CHR®)CI(CO)(PPhs),] (R® =
CsHiMe-4, 1-Pyrenyl). The novel products contain two group 8 metals with vinyl moieties at

both iron and ruthenium centres.

Experimental

The compounds [Ru(CH=CHCsH4;Me-4)CI(CO)(PPhs);],%® [Ru(CH=CHPyr-1)CI(CO)(PPhs),]*
and [Fex{u-n":n*-C(R*=C(H)C=N(Me)R"}(u-CO)(CO)(Cp),]OTf (R' = Me, R* = CO,Me 1
= Xyl, R? =

chemicals and solvents were purchased from Alfa-Aesar, Sigma-Aldrich and VWR and were

used without further purification, unless otherwise stated. Solvents used for UV-Vis
measurements were thoroughly degassed with nitrogen before use. All experiments and
manipulations of compounds were conducted under an inert atmosphere of nitrogen in dry
solvents, unless otherwise specified. Schlenk line techniques were used as a precaution.
Solvent mixtures are volume/volume mixtures. Solvents used in the reactions of oxygen and
moisture sensitive compounds were dried and degassed according to standard techniques.
Petroleum ether refers to the fraction boiling in the range 40-60 °C. A Waters LCT Premier

ES-ToF (ESI) spectrometer were used for mass spectra. FTIR spectra were measured using
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a Perkin Elmer Spectrum GX spectrometer. NMR spectroscopy was performed at 25 °C
using Bruker AV400 or AV500 spectrometers at room temperature in CD,Cl, unless
otherwise stated. "H NMR chemical shifts (5) were referenced to the residual non-deuterated
solvent signal. The deuterated solvents were all purchased from Sigma Aldrich. *'P{'"H} NMR
chemical shifts were referenced externally to H;PO, 85% in H,O respectively and were all

proton decoupled.

[Fez{u-n":n*-C(CO;Me)=C(CS,)C=NMe,}(u-CO)(CO)(Cp).] (4)

A solution of [Fey{u-n':n-C(CO,Me)=CHC=NMe}(u-CO)(CO)(Cp).JOTf (2, 260 mg, 0.44
mmol) in THF (10 mL) was treated first with CS, (1.0 mL, 16.60 mmol) and then NaH (45
mg, 1.13 mmol) in this order. After 30 minutes the mixture was filtered through an alumina
pad and the solvent was removed. A solution of the green residue in CH,Cl, was then
transferred to an alumina column. Impurities were eliminated first with neat CH,Cl,, while the
fraction containing the product was eluted with neat THF. Yield 76 mg, 32%. IR (CH.Cl,): v
(cm™) 1995 (CO), 1806 (u-CO). '"H NMR (CDCl;): & (ppm) 3.28, 3.79 (s x 2, 2 x 3H, NMe),
4.08 (s, 3H, CO,Me), 5.12, 5.24 (s x 2, 2 x 5H, Cp). *C{"H} NMR (CDCls): & (ppm) 257.8 (u-
CO), 244.6 (CS;), 225.3 (C=N), 208.9 (CO), 177.2 (CO,), 91.5 (C=C), 90.6, 90.3 (s x 2, Cp),
52.8 (OCHj3), 48.2, 45.1 (s x 2, NCH3). MS (ES): m/z (abundance) 514 (100) [M]*. Elem.
Anal. Calculated for CyH9Fe,NO,S, (M, = 513.19): C 46.8, H 3.7, N 2.7; Found: C 47.1, H
3.8, N 3.0.

[Fe{p-n":n?-C(Me)=C(CS,{Ru(CH=CHC¢H,Me-4)(CO)(PPh;),}C=N(Me)(Xyl)](u-
CO)(CO)(Cp)-IPFs (5)

Compound 3 (18 mg, 0.0324 mmol) and [Ru(CH=CHC¢H;Me-4)CI(CO)(PPh3),] (27 mg,
0.0334 mmol) were dissolved in 2 mL and 3 mL of dry DCM, respectively, before being
combined and allowed to stir for 2 hrs. NH,PF¢ (6 mg, 0.0368 mmol) was then dissolved in
the minimum amount of MeOH, before being added to the reaction mixture and allowed to
stir for 1 hr. All solvents were then removed, and the resulting solid was then redissolved in
the minimum amount of DCM and filtered through celite, before being concentrated on a
rotary evaporator, layered with diethyl ether, and left to precipitate overnight. The resulting
dark brown precipitate was then filtered and washed with more diethyl ether to give the final
product (Yield: 18 mg, 37%). Solubility in diethyl ether contributed to this low initial yield. A
further crop of product could be obtained from the filtrate. IR: v (cm™) 1982 (CO), 1929 (CO),
1820 (u-CO), 1606 (CN). 'H NMR (CD,Cl,): 5 (ppm) 1.80 (s, 3H, Me™""), 2.21 (s, 3H, Me""),
2.25 (s, 3H, Me™""), 2.66 (s, 3H, NMe), 3.36 (s, 3H, C°Me), 4.58, 5.23 (s x 2, 2 x 5H, Cp),
5.71(d, 1 H, 3Juy = 17.1 Hz, HB), 6.21, 6.85 (AB, 4H, *Jag = 7.9 Hz, CeHy), 7.38-7.59 (m, 30H



+ 2H + 1H + 1H, CeHs + > HY + *HW 4 Hg). 3'P{'H} NMR (CD,Cl,): 5 (ppm) 39.6 (d, 2Jpp =
282 Hz), 37.2 (d, 2Jpp = 282 Hz). MS (ES): m/z (abundance) 1330 (100) [M]". Elem. Anal.
Calculated for C7,HgsFsFe,NO3P3RUS, (M,, = 1475.09): C 58.6, H 4.4, N 1.0; Found: C 59.0,
H4.4,NO0.9.

[Fex{p-n':n*-C(CO,Me)=C(CS,{Ru(CH=CHC¢H,Me-4)(CO)(PPhs),}C=NMe,](u-
CO)(CO)(Cp)-IPFs (6)

Complex 6 was prepared using the same procedure as described for 5, by treating
[Ru(CH=CHC¢H,;Me-4)CI(CO)(PPhs),] (38 mg, 0.0468 mmol) with 4 (24 mg, 0.0468 mmol)
followed by NH,PFs (8mg, 0.0468 mmol). The product was isolated by layering the reaction
mixture with hexane. Yield: 30 mg, 44%. A further crop of product could be obtained from the
filtrate. IR: v (cm™) 3055 (sp?>-CH), 2950 (sp>-CH), 1992 (CO), 1929 (CO), 1816 (u-CO),
1704 (CO,Me). '"H NMR (CD,Cl,): & (ppm) 2.26 (s, 3H, Me"""), 2.48, 3.79 (s x 2, 2 x 3H,
NMe), 3.90 (s, 3H, CO,Me), 4.57, 5.14 (s x 2, 2 x 5H, Cp), 5.18 (d, 1 H, *Juy = 16.5 Hz, Hp),
6.20, 6.86 (AB, 4H, 3Jxg = 7.9 Hz, CgH,), 7.35-7.53 (m, 30H, CgHs), 7.56 (m, 1H, Ha). *'P{'H}
NMR (CD.Cl,): & (ppm) 41.8 (d, 2pp = 276 Hz), 39.6 (d, 2Jpp = 276 Hz). MS (ES): m/z
(abundance) 1284 (100) [M]". Elem. Anal. Calculated for CggHssFsFe,NOsPsRuS; (M, =
1428.97): C 55.5, H 4.1, N 1.0; Found: C 55.3, H 3.9, N 1.1.

[Fex{p-n':n*-C(Me)=C(CS,{Ru(CH=CHPyr-1)(CO)(PPhs),}C=N(Me)Xylyl](u-
CO)(CO)(Cp)-IPFs (7)

Complex 7 was prepared by the same procedure as described for 5, by treating
[Ru(CH=CHPyr-1)CI(CO)(PPhs),] (38 mg, 0.0333 mol) with 3 (17 mg, 0.0295 mmol) followed
by NH4PFs (6 mg, 0.0295 mmol). Yield: 26 mg, 56%. IR: v (cm™) 3055, (sp®>-CH), 2973 (sp®-
CH), 1982 (s, CO), 1930 (s, CO), 1821 (u-CO), 1583 (CN). 'H NMR (CD,Cl,): & (ppm) 1.82,
2.27 (s x 2, 2 x 3H, Me™'), 2.70 (s, 3H, NMe), 3.44 (s, 3H, C*Me), 4.61, 5.27 (s x 2, 2 x 5H,
Cp), 7.10 (d, 1 H, Uy = 16.5 Hz, HP), 6.86 (d, 1H, *Juy = 8.1 Hz, Pyr-1), 7.28-8.21 (m, 30H
+8H + 2H + 1H + 1H, CgHs + 1-Pyr + >H" + *H* + Ha). *'P{'"H} NMR (CD,Cl,): d (ppm)
38.7 (d, 2Jpp = 284 Hz), 36.4 (d, Jpp = 284 Hz). MS (ES): m/z (abundance) 1440 (100) [M]".
Elem. Anal. Calculated for CgiHesFsFe2NO3P3RUS,-0.5CH,Cl, (M, = 1627.67 as solvate): C
60.1,H4.2, N 0.9; Found: C 60.1, H 3.9, N 1.1.
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Heterotrimetallic complexes of iron, ruthenium and palladium based on vinyliminium
dithiocarboxylate ligands.
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NMR and IR spectra

NMR and IR spectra for the new compounds prepared during this research are provided

below:
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Figure S1. "H NMR spectrum of 4 in CDCls.
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