Redox-activated ligand-exchange reactions of tetrabutylammonium
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In situ IR and UV-VIS spectroelectrochemical studies have shown that reduction of the ions frans-[RuX,(CNBu'),]”
(X =Cl or Br) in the presence of acetonitrile or pyridine results in the formation of mer,trans-[RuX;(CNBu®),L]~

(L = MeCN or py), which can be oxidised reversibly to mer,trans-[RuX;(CNBu"),L]. The same reaction carried out
in the presence of triphenylphosphine or terz-butyl isocyanide yields the disubstituted product, trans,trans,trans-
[RuX,(CNBu"),L,] (L = PPh; or CNBu"), which can be oxidised reversibly in each case to the isostructural
monocation. Oxidation of trans-[RuX,(CNBu"),]” can also be achieved, but the products are dependent upon

the identity of the halide. For X = Cl the oxidation is chemically reversible at low temperature forming trans-
[RuCl,(CNBuY),], whilst for X = Br the oxidation is irreversible and, in the presence of acetonitrile, pyridine or zert-
butyl isocyanide, results in the formation of mer,trans-[RuBr;(CNBu‘),L] (L = MeCN or py) or mer-[RuBr;(CNBu®);]
(L = CNBu"). All of the redox products have been characterised in situ by IR and UV-VIS spectroscopy in as many

oxidation states as possible.

Introduction

Various tervalent ruthenium monoanions of general formula
trans-[RuX,L,]” are known in which X is halide and L a neutral
donor ligand."™" Of particular significance are the chloride
complexes in which L is a heterocyclic nitrogen-donor ligand;
these complexes have been shown to be effective agents against
certain strains of cancer tumour,'*™ a property which is
thought to be linked to their redox chemistry. The reduction of
the complex in vivo may result in the dissociation of chloride
and the co-ordination of the ruthenium-containing moiety to a
nitrogen base of DNA.'®!" In an effort to understand the redox
chemistry of this general class of complexes, the ions trans-
[RuX,(CNR),]” (X = Cl or Br; R = Bu") have been prepared and
are the subject of the work described herein.

The complexes trans-[NBu,][RuX,(CNBu'),] were first pre-
pared as part of a study concerned with the additive (and non-
additive) effect of ligands in binary halide-neutral donor ligand
complexes.”® A recent spectroelectrochemical investigation of
trans-[NBu,][RuBr,(CNBu'"),] in acetonitrile has indicated that
both its oxidation and reduction are accompanied by processes
which give rise to new species in solution," i.e. its redox chem-
istry is dominated by EC-type behaviour in which electron
transfer (E) is followed by a homogeneous chemical reaction
(C). The purpose of this work is to explore the generality of
these methods of activation and to extend these studies to the
analogous chloride species, trans-[RuCl,(CNBu'),]”. Described
herein are the results of detailed electrochemical and spectro-
electrochemical studies of frans-[NBu,][RuX,(CNBu'),] (X = Cl
or Br).

The redox chemistry of these complexes is particularly
amenable to investigation by in situ IR and UV-VIS spectro-
electrochemical techniques. The NC stretching vibration (vyc)
of a co-ordinated isocyanide ligand gives rise to a strong
absorption band in the 1600-2300 cm ™' region of the IR
spectrum,?*? with vy being sensitive both to the bonding
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mode of the isocyanide and to the oxidation state of the metal.
Isocyanide ligands can stabilise transition metal ions in a range
of oxidation states, such that the co-ordinated isocyanide
ligands may provide a convenient ‘handle’ with which to follow,
by IR spectroscopy, the redox chemistry of complexes of which
they are part. Although UV-VIS spectra are frequently not
structurally informative, this is not the case for the present sys-
tem for which the spectra can be particularly instructive in help-
ing to identify redox products, especially those for which the
tervalent state is accessible. The UV-VIS spectra of tervalent
complexes [RuX,L¢_ ,JF (X =halide; L = neutral n-acceptor lig-
and, n>2) are in general dominated by halide(pm)-to-Ru(dn)
charge-transfer (XMCT) transitions,”?’ and certain chromo-
phores are often readily identifiable via such spectra, e.g. trans-
[RuX,L,]”, mer-[RuX;L,;] and trans-[RuX,L,]*. Within this
work, both IR and UV-VIS spectroelectrochemical techniques
have been used extensively to characterise the products formed
in the redox reactions of the complexes trans-[NBu,][RuX,-
(CNBuY),] (X =Cl or Br).

Experimental
Samples

The complexes trans-[NBu,]J[RuX,(CNBu"),] (X=Cl or Br)
were prepared by modification of the literature procedure and
characterised by UV-VIS and IR spectroscopy, fast-atom-
bombardment mass spectrometry, and elemental analysis (C,
H, N).!8

Electrochemical measurements

Voltammetric experiments were generally performed as
described previously,?® using a one compartment cell which
supported a platinum-bead working electrode, a platinum-coil
auxiliary electrode and a Ag—AgCl reference electrode, against
which the ferrocenium—ferrocene (Fc*™™) couple was measured
at +0.55 V. All voltammetric data were uncorrected for iR drop.
Bulk electrolyses were carried out in a two-compartment cell,
with a platinum-basket working electrode and Ag—AgCl refer-
ence electrode separated from the platinum auxiliary electrode
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by a double-fritted salt bridge. Solvents and electrolytes were
dried and prepared as described previously.?®

Spectroelectrochemical measurements

The IR spectroelectrochemical experiments were performed
using an infrared reflection-absorption spectroscopic (IRRAS)
cell,”? mounted in the sample compartment of a Nicolet 750
FTIR spectrometer on a modified Specac specular reflectance
attachment (PN 19.170).% The electrode arrangement consisted
of a polished platinum-disk working electrode (radius=2.5
mm), a platinum-basket auxiliary electrode, and a platinum-
wire pseudo-reference electrode. In a typical experiment, the
background spectrum (single scan, 1.0 cm™' resolution) was
collected with the platinum working electrode wound down
against the KBr (or CaF,) window. The desired film thickness
was then set (50-100 um) and an initial spectrum recorded. The
working electrode was stepped to an appropriate potential
(E,pp), usually 200 mV past Ey, or E, for the complex under
investigation, and single scan spectra were collected as a func-
tion of time. In general, electrolyses were complete within
several minutes. Spectra collected in this manner have solvent—
electrolyte bands superimposed on those of the sample com-
plex, but these can be subtracted with an Omnic® software
routine. An alternative procedure involves collecting sample
spectra versus a pre-collected solvent—electrolyte spectrum
loaded into the background memory. Difference spectra can be
calculated by subtracting the initial spectrum from each spec-
trum in turn. Cooling of the cell was achieved by passing chilled
nitrogen gas through the core of the working electrode.*

The UV-VIS spectroelectrochemical experiments were per-
formed using an optically transparent thin-layer electrolysis
(OTTLE) cell,*® mounted in the sample compartment of a
Perkin-Elmer Lambda 16 spectrophotometer. The cell, a quartz
cuvette (pathlength=1.0 mm), contained a platinum-gauze
working electrode which transmitted =75% of incident light.
The platinum-wire auxiliary and pseudo-reference electrodes
were arranged in the top of the cell. A hollow rectangular
Teflon block, separated into three sections by quartz windows,
was used to hold the cell during an experiment. The OTTLE
cell was mounted into the middle section of the block and
cooled by a regulated flow of chilled nitrogen gas passing over
its faces. Nitrogen gas at ambient temperature was also passed
through the outer sections of the block to prevent fogging of
the quartz windows. For those complexes that were electro-
generated quantitatively and characterised in situ by UV-VIS
spectroscopy, molar absorption coefficients (¢) were calculated
from the ¢ values of the starting complexes, trans-[NBu,][RuX,-
(CNBu"),] (X =Cl or Br).

Results and discussion
General redox behaviour

The tervalent ions #rans-[RuX,(CNBu),]- (X=Cl or Br)
undergo one-electron oxidation and reduction to yield
ruthenium-(1rv) and -(u1) species respectively. Generally the
simple one-electron redox products are not stable on timescales
longer than that of the cyclic voltammetric experiment as they
undergo homogeneous chemical reactions to yield a variety of
products. The chemistry associated with the reduction of these
complexes is generally similar for X = Cl or Br, whereas that
accompanying oxidation differs significantly depending upon
the identity of the halide.

Reduction of trans-[RuX,(CNBu'),]™ in the presence of a neutral
ligand L (MeCN or py)

The cyclic voltammogram of an acetonitrile-dichloromethane
(1:1) solution of trans-[NBu,][RuBr,(CNBu"),] containing 0.25
mol dm™ [NBu,][PF,] is shown in Fig. 1(a). The complex
exhibits an irreversible reduction at E,. = —0.18 V, which leads
to the formation of another electroactive species which is
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Table 1 Electrode potentials

E IV
Complex (z = charge) Ry'v™ Ry
[RuCl,(CNBu'),J** +1.53 (qrev) —0.28 (rev)©
[RuBr,(CNBu),J** +1.46 (irrev)? —0.20 (rev)©

[RuClL(CNBut),(NCMe)J:*
[RuBr,(CNBu),(NCMe)[**

+2.06 (irrev)“
+1.85 (irrev)“

+0.33 (rev)”
+0.41 (rev)”

[RuCly(CNBu'),(py)]** — +0.27 (rev)®
[RuBr;(CNBu'),(py)[* — +0.33 (rev)#
[RuCl;(CNBu*),J*"* — +0.65 (irrev)’
[RuBr;(CNBu),J** — +0.68 (irrev)’

“ys. Ag-AgCl, against which ferrocenium-ferrocene is measured at
+0.55 V. rev =reversible, qrev = quasi-reversible, irrev = irreversible.
b trans Isomer. ¢ Recorded in 0.5 mol dm ™3 [NBu,]J[PF,]-CH,Cl, at 213
K. “Irreversible, E,, quoted. ¢ mer,trans Isomer. / Recorded in 0.1 mol
dm~® [NBu,J[PF,] in CH,Cl,-MeCN (1 : 1) at ~233 K. £ Recorded in 0.5
mol dm? [NBu,][PF,] in CH,CL,—py (1000: 1) at 290 K. * mer Isomer.
"Recorded in 0.5 mol dm™* [NBu,][PF,-CH,Cl, containing 5 mol

equivalents of CNBu' at ~290 K.
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Fig. 1 (a) Cyclic voltammogram of trans-[NBu,][RuBr,(CNBu"),] in
an acetonitrile—dichloromethane (1:1) solution containing 0.25 mol
dm™® [NBu,][PF,] at ~290 K. (b) Cyclic voltammogram after con-
secutive bulk electrolyses at E, , = —0.4 and +0.6 V respectively. Scan

pp —
rate = 100 mV s~ ! in each case.

detected on the return and subsequent scans at E;, = +0.41 V.
Bulk reduction at E,,, = —0.40 V consumes 1 F of charge per
mol of complex, as does reoxidation at E,,,=+0.60 V. The
cyclic voltammogram of the solution after these electrolyses
is shown in Fig. 1(b). Spectroelectrochemical studies have indi-
cated that the product of reduction of trans-[RuBr,(CNBu),]”
in the presence of acetonitrile is mer,trans-[RuBr;(CNBu'),-
(NCMe)]~, which in turn can be oxidised reversibly to mer,
trans-[RuBry;(CNBu®),(NCMe)]." The results of bulk electro-
synthesis are in accord with these previous results, such that the
waves detected at +0.41 and +1.85 V in Fig. 1(b) correspond
to the Ru™™ and Ru™"™ couples of mer,trans-[RuBr;(CNBu),-
(NCMe)] respectively (Table 1). The irreversible waves observed
at +0.95 and +1.26 V in Fig. 1(b) are due to the oxidation of
free bromide,* which had been expelled from the parent com-
plex upon reduction.

The redox behaviour of the analogous chloride complex is
qualitatively very similar. The cyclic voltammogram of trans-
[NBu,J[RuCl,(CNBu"),] dissolved in acetonitrile-dichloro-
methane (1:1) containing 0.25 mol dm™* [NBu,][PF] is shown
in Fig. 2(a). The IR spectroelectrochemical studies indicate the
formation of mer,trans-[RuCl;(CNBu®),(NCMe)]~ upon reduc-
tion, i.e. the growth of a single vy band at 2111 cm™ suggests
the retention of two fert-butyl isocyanide ligands in a transoid
arrangement,{ whilst the appearance of a weak band at 2272

i Under the C,, point group, two vy bands (a; + b,) are anticipated;
however the dipole moment changes for the a, mode will almost cancel
out such that one strong band (b,) and one weak band (a,) are expected.
Deviation from C,, symmetry on account of bending along the Ru—
CN-C axis would result in increased intensity of the band attributed to
the a; mode.



Table 2 IR Data

Band maximum “/cm*

Complex (z = charge) Vne» RutY Vne> Ru™ Vne» RuM Ven
[RuCl,(CNBu),J* 2240m 21765 - -
[RuBr,(CNBu'),J** — 2170s — -
[RuCl(CNBuY),(NCMe)J: - 21965 2111s, x2070 (sh) 2272w (Ru™), 2328w (Ru™)
[RuBry(CNBuf),(NCMe)[- — 2192s 2109s, 2070 (sh) 2275w (Ru™), 2326w (Ru™)
[RuCly,(CNBuY),(py)*“* — 2189s 2102s, —
[RuBry(CNBu'),(py)J** — 2181s 2098s, 2060 (sh) —
[RuCl,(CNBuY),(PPh,),J*/ - 2187m 2128s -
[RuBr,(CNBu'),(PPh,),J*/ — 2181m 2124s -

[RuCl;(CNBu),[*# —
[RuBr,(CNBu'),J*¢ —

2238m, 2197s, 2160w — —
2226m, 2194s, 2154w — —

“Recorded in an IRRAS cell under stated conditions. Relative band intensities: s = strong, m = medium and w = weak. ® trans Isomer. ¢ mer,trans
Isomer.  Recorded in 0.25 mol dm* [NBu,][PF4] in CH,Cl,-MeCN (1: 1) at 290 K. ¢ Recorded in 0.5 mol dm 3 [NBu,][PF,] in CH,CL,—py (1000: 1)
at =290 K./ trans, trans,trans Isomer. Recorded in 0.5 mol dm 3 [NBu,][PF,] in CH,Cl, containing 2 mol equivalents of PPh, at 233 K. ¢ mer Isomer.
Recorded in 0.5 mol dm 3 [NBu,][PF4] in CH,CI, containing 5 mol equivalents of CNBu" at ~233 K.
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Fig.2 (a), (b) Cyclic voltammograms of trans-[NBu,][RuCl,(CNBu"),]
in an acetonitrile-dichloromethane (1:1) solution containing 0.25 mol
dm ™3 [NBu,][PF,] at =290 K. Scan rate = 100 mV s ! in each case.

cm™! due to vey of co-ordinated acetonitrile confirms the
incorporation of a solvent molecule. Oxidation of this product
is achieved at E,,, = +0.60 V whereupon vy¢ and vy move to
2196 and 2328 cm ™!, respectively, consistent with the oxidation
of Ru" to Ru™ (Table 2).

The redox chemistry of these complexes can also be followed
by UV-VIS spectroscopy. For ruthenium(ii) complexes of
general formula [RuX,Ls_,J° (n=1-5) the XMCT spectrum
can reflect both the number and arrangement of halide ligands
about the central metal ion. In certain circumstances mixing
can occur between the X~ and L orbitals to perturb this simple
model but, for the majority of ligands examined herein, this
does not appear to be the case. The VIS spectrum of trans-
[RuCl,(CNBu'),]” [shown in Fig. 3(a)] is similar to that of other
trans ions [MCl,L,]” (M = Ru or Os),*** with the bands at 487
and 420 nm arising from XMCT transitions of the type
Cl(pm)—Ru(dr). Upon reduction of trans-[RuCl,(CNBu'),]” in
acetonitrile in an OTTLE cell, a spectrum with an essentially
featureless VIS region is obtained because the possibility of
XMCT transitions is eliminated by the filling of the vacancy
in the metal dn manifold. Upon reoxidation, bands grow at
415, 488 and ~300 nm, yielding a spectrum indicative of the
formation of a tervalent complex containing a meridional
arrangement of three chloride ligands,**®® ie. mer,trans-
[RuCl;(CNBu"),(NCMe)]. For the analogous bromide complex,
the differences between the spectra of trans-[RuBr,(CNBu"),]”
and mer,trans-[RuBr;(CNBu"),(NCMe)] are more pronounced
on account of the larger spin—orbit coupling constant for the
bromide ion.*

At temperatures lower than 253 K, the reduction of trans-
[RuX,(CNBu"),]” (X=Cl or Br) in acetonitrile-dichloro-
methane is chemically reversible on the timescale of the
voltammetric experiment (scan rate = 100 mV s™!). However
reduction of trans-[RuX,(CNBu"),]” in the IRRAS cell at low
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Fig. 3 The UV-VIS spectra of (a) trans-[RuCl,(CNBu'),]", (b) mer,
trans-[RuClL,(CNBu®),(py)]”, (c) [RuCL;(CNBu'),(py)] " oxidation, (d)
mer,trans-[RuCL(CNBu'),(py)], recorded in an OTTLE cell in
pyridine—dichloromethane (1:1000) containing 0.25 mol dm ™3 [NBu,]-
[PFg] at 233 K.

temperature proceeds as before, i.e. collapse of vy from the IR
spectrum of the parent complex and growth of vy and vy
due to the formation of mer,trans-[RuX;(CNBu'),(NCMe)]".
Although the ions trans-[RuX,(CNBu'),]*” are not sufficiently
stable at 233 K to be electrogenerated in their entirety, there
is evidence for their formation in the transient growth of vyc
band(s) in the 2050-2100 cm™* region. Once generated, trans-
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Table 3 UV/VIS Data

Band maximum“/nm (&/dm® mol ' cm™?)

Complex (z = charge) Ru"

RUHI RU.H

[RuCl,(CNBuY),J*> ~595 (br) (3100) 482 (350) —

528 (5900)
402 (1100)
353 (1300)
283 (5100)
240 (8600)
[RuBr,(CNBu"),J** —

[RuCl,(CNBu'),(NCMe)[F 4 —

[RuBr;(CNBu'),(NCMe)]*** —

[RuCly(CNBu'),(py)F*/ —

[RuBr;(CNBu),(py)I**/ —

418 (5100)
302 (1800)
256 (7600)

656 (300) —
566 (5100)
526 (3700)
478 (800)
448 (1300)
366 (1200)
324 (5100)
488 (4100) 369 (600)
415 (1100)

~300 (1300)
659 (1100) 372 (200)
566 (3300)

~513 (1600)

~440 (sh) (600)

~334 (sh) (1300)
302 (2400)
485 (1000) 438 (2700)
424 (3000) ~360 (2600)
371 (1200)

~300 (1800)
658 (1200) 438 (3600)
558 (3600) 354 (3200)
438 (1000)

“ Recorded in an OTTLE cell under stated conditions. ® trans Isomer. ¢ Recorded in 0.25 mol dm~* [NBu,][PF] in CH,Cl,-MeCN (1:1) at %233 K.
4 Recorded in 0.25 mol dm 3 [NBu,][PF,] in CH,Cl,-MeCN (1:1) at %290 K. ¢ mer,trans Isomer.” Recorded in 0.5 mol dm 3 [NBu,][PF,] in CH,Cl,—

py (1000:1) at 290 K.

[RuCl,(CNBu),]*” is less readily substituted by acetonitrile
than is the analogous bromide species as judged by the relative
lifetimes of their vyc bands. The voltammetric and spectro-
scopic details are summarised in Tables 1-3.

Other neutral ligands can similarly be incorporated into the
complex at the expense of halide by reduction of dichloro-
methane-L solutions of trans-[RuX,(CNBu%),]". In the case
of L =py, cyclic voltammetry in dichloromethane—pyridine
(1000:1) results in the formation of a reversible wave anodically
shifted by ca. 0.5 V from the Ru™™ couple of the parent com-
plex. The reduction of a dichloromethane—pyridine solution of
trans-[RuCl,(CNBu"),]” in an OTTLE cell ultimately produces
the spectrum shown in Fig. 3(b). Attempted reoxidation at
E,,,=0.0 V does not lead to any changes in the UV-VIS
spectrum, nor any current flow through the cell, thus confirm-
ing that reduction of frans-[RuCl,(CNBu"),]” results in the
formation of mer,trans-[RuCly(CNBuY),(py)]~, a species which
is oxidised (or reduced) at a potential different from that of
the parent ion. The spectrum of the reduced species [Fig. 3(b)]
contains two relatively intense bands at 483 and 363 nm, and
differs significantly from that of mer,trans-[RuCl;(CNBu),-
(MeCN)] ™, the spectrum of which is essentially featureless over
the VIS region. The difference can be attributed to the co-
ordination of pyridine with its relatively low-lying n* orbital;
the bands are thought to arise from metal-to-ligand charge-
transfer (MLCT) transitions of the type Ru(dm)—py(r*).4%#!
At E,,,=+0.6 V oxidative currents are observed and the
spectrum shows bands at 485, 424, 371 and ~300 nm with
retention of isosbestic points corresponding to the oxidation
of mer,trans-[RuCl;(CNBu'),(py)]” [Fig. 3(c)]. The profile of
the final spectrum [Fig. 3(d)] is similar to that of other d°
mer-]MCL;L;] complexes*™* and the UV-VIS bands are
summarised in Table 2. The overall reaction sequence can be
summarised by eqns. (1)—(3).
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E trans-[RuX,(CNR),]” + e" ——
trans-[RuX,(CNR),]** (1)

C trans-[RuX,(CNR),’” + L—
mer,trans-[RuX;(CNR),L]” + X~ (2)

E mer,trans-[RuX;(CNR),L] —
mer,trans-[RuX;(CNR),L] + e~ (3)

Reduction of trans-[RuX,(CNBu'),]™ in the presence of a neutral
ligand L (PPh, or CNBu')

The end products formed upon reduction of trans-[RuX,-
(CNBu"),]” (X = Cl or Br) in the presence of PPh; or CNBu* are
different from those described above. For example the reduc-
tion of trans-[RuCl,(CNBu'),]” in an IRRAS cell in 0.25 mol
dm™* [NBu,][PF4-CH,Cl, containing two equivalents§** of
PPh; results in the formation of a species with a single vy band
at 2128 cm™". Reoxidation is not achieved until E,, = +1.00 V,
whereupon vy is shifted to 2187 cm ™. The vy bands arise from
trans,trans,trans-[RuCl,(CNBu"),(PPh;),] and trans,trans,trans-
[RuCl,(CNBu'),(PPh;),]" respectively, these species having been
prepared and characterised previously.** The potential required
to achieve oxidation is also consistent with disubstitution, with
the Ru™™ couple moving anodically by nearly 1.2 V. In some
cases transient monosubstituted species were observed on the
timescale of voltammetric experiments, thus indicating that
the mechanism for the formation of trans,trans,trans-[RuX,-
(CNBuY),(PPh;),] proceeds in a sequential manner through
the monosubstituted intermediate. Similarly, the reduction of

§ The use of an excess of PPh; prohibits oxidation of the products
trans,trans,trans-[RuX,(CNBu"),(PPh;),], since PPh; is oxidised at a
lower potential than the complex.



trans-[RuX,(CNBu"),]” (X = Cl or Br) in the presence of CNBu*
yields trans-[RuX,(CNBu"),], which can be oxidised reversibly
to trans-[RuX,(CNBu'),]*.

The transient nature of mer,trans-[RuX;(CNBu®),(PPh;)]”
and mer-[RuX;(CNBuY);]” can be attributed to the strong
kinetic trans effect of the ligands triphenylphosphine and tert-
butyl isocyanide, labilising the halide in the trans position.
Limiting the amount of ligand available does not produce
different results, only a decrease in the amount of disubstituted
product formed. The overall reaction is summarised in eqn. (4).

C  mer,trans-[RuX;(CNR),L]” + L—
trans,trans,trans-[RuX,(CNR),L,] + X~ (4)

Conditions under which mer,trans-[RuX;(CNBu"),(PPh;)]”
and mer-[RuX;(CNBu");]” could be stabilised and characterised
by in situ techniques were not found. In order to characterise
the redox chemistry [as given in eqn. (5)] of the products

E trans,trans,trans-[RuX,(CNR),L,] =——
trans,trans,trans-[RuX,(CNR),L,]" + e~ (5)

trans,trans,trans-[RuX,(CNBu"),(PPh;),]* and trans-[RuX,-
(CNBuY,]" more fully, these species have been synthesized,
isolated and their electrochemistry examined free from
interference of excess of ligand (PPh; or CNBu") and liberated
halide X~.*

Oxidation of trans-[RuBr,(CNBu'),]™ in the presence of a neutral
ligand L (MeCN, CNBu' or py)

It has previously been shown that the oxidation of trans-
[RuBr,(CNBu),]” in 0.25 mol dm * [NBu,][PF,] in aceto-
nitrile-dichloromethane (1: 1) ultimately leads to the formation
of mer,trans-[RuBr;(CNBu"),(NCMe)]."* Similarly, mer,trans-
[RuBr;(CNBu"),(py)] is formed upon oxidation of trans-[RuBr,-
(CNBuY,]” in the presence of pyridine, as summarised in
eqns. (6) and (7).

E trans-[RuX,(CNR),]” —
trans-[RuX,(CNR),] + e~ (6)

C trans-[RuX,(CNR),] + L—
mer,trans-[RuX;(CNR),L] + '/,X, (7)

The oxidative activation of trans-[RuBr,(CNBu"),]” provides
a route to complexes that cannot be prepared via the reductive
methodology. For instance, it was previously noted that reduc-
tion of frans-[RuX,(CNBu"),]” in the presence of CNBu' led
only to the formation of trans-[RuX,(CNBuY),]. The cyclic
voltammogram of trans-[RuBr,(CNBu'),]” in 0.5 mol dm™?
[NBu,][PF¢]-dichloromethane containing an excess of CNBu
reveals an irreversible oxidation at E,, = +1.50 V, from which
two new species are detected on the return scan at +1.15 and
+0.68 V. At low temperature the oxidation of trans-[RuBr,-
(CNBu"),]” remains irreversible, although the proportion of
that species giving rise to the product wave at +1.15 V is greatly
diminished. The IR spectral changes accompanying the oxid-
ation of rrans-[RuBr,(CNBu'),]” in the presence of CNBu* at
room temperature are shown in Fig. 4. Upon oxidation at
E,,=11.6V, the vyc bands from trans-[RuBr,(CNBu),]”
(2170 cm™) and free CNBu* (2139 cm™!) decrease in intensity
whilst bands grow at 2226, 2214 and 2195 cm™!. Re-reduction at
E,,,=+1.0 V results in the collapse of the band at 2214 cm™
and the growth of another band at 2144 cm™'. Further re-
reduction occurs at E,,, = +0.5 V, whereupon the bands at 2226
and 2195 cm™!, and another much less intense band at 2154
cm™!, all decrease in intensity with the growth of a single
band at 2144 cm™'. These observations are consistent with the

formation of two products upon oxidation of trans-[RuBr,-

t
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Fig.4 Changes in the IR difference absorption spectra accompanying
oxidation of frans-[NBu,][RuBr,(CNBu®),] in an IRRAS cell in 0.25
mol dm™3 [NBu,][PF]-dichloromethane containing free CNBu'. The
horizontal line at zero absorbance corresponds to the initial spectrum,
i.e. that of trans-[RuBr,(CNBu'),], prior to electrolysis, ratioed against
itself. The potential of the working electrode is stepped to E,,, = —0.4
V, and single scan IR spectra collected as a function of time. Consump-
tion of trans-[RuBr,(CNBu),]”, upon reduction, is indicated by increas-
ing negative absorbance at 2170 cm™!, whilst increasing negative
absorbance at 2139 cm™ corresponds to the change in concentration
of free CNBu'. Increasing positive absorbance at 2226 and 2195 cm™!
indicates the formation of mer-[RuBr;(CNBu');] and that at 2214 cm™!
the formation of trans-[RuBr,(CNBu"),]*.
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Fig. 5 Changes in the IR difference absorption spectra accompanying
oxidation of trans-[NBu,][RuCl,(CNBu'),] in an IRRAS cell in aceto-
nitrile-dichloromethane (1:1) containing 0.25 mol dm ™3 [NBu,][PF,] at
233 K.

(CNBuY),]™. One of the products is identified as #rans-[RuBr,-
(CNBUY),]" (Ey; = +1.15V, vyc = 2213 cm ™). Its identity is also
confirmed by the spectral changes observed upon re-reduction
at E,,,=+1.0 V. The second product is mer-[RuBr;(CNBu');]
(Ey = +0.68 V). The meridional arrangement of isocyanides in
this complex gives rise to three vy bands in the IR spectrum,
as expected.* The bands at 2226 and 2195 cm™! are readily
observed but the third band, that at 2154 cm ™!, is comparatively
weak and is only observed in the difference spectrum for the
reduction of mer-[RuBry(CNBu%);]. As discussed previously,
mer-[RuBry(CNBu'),]” is inherently unstable, rapidly giving
way to trans-[RuBr,(CNBu'),] in the presence of additional
CNBu".

Oxidation of trans-[RuCl,(CNBu'),]~

The oxidation of rfrans-[RuCl,(CNBu),]” differs somewhat
from that of the analogous bromide complex, in that at low
temperature the process is chemically reversible whilst at room
temperature multiple products are formed, depending upon the
identity of the incoming ligand L.

The cyclic voltammogram of trans-[NBu,J[RuCl,(CNBu"),]
in acetonitrile-dichloromethane (1:1) containing 0.25 mol
dm ™ [NBu,][PF] is shown in Fig. 2(b). A quasi-reversible wave
is observed at E;,=+1.57 V, indicating that the tetravalent
species is stable on the timescale of the voltammetric experi-
ment. Oxidation of trans-[RuCl,(CNBu),]” in an IRRAS cell at
E,,,=+1.70 V is accompanied by the loss of the parent vyc
band at 2176 cm™!, and simultaneous growth of a single band
at 2240 cm ™!, as shown in Fig. 5. The single vy band indicates
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Fig. 6 The UV-VIS spectral changes accompanying oxidation of
trans-[NBu,][RuCl,(CNBu'),] in an OTTLE cell in acetonitrile-
dichloromethane (1:1) containing 0.25 mol dm™* [NBu,][PF4] at 233 K.

retention of the trans geometry. At low temperature the spectral
changes are fully reversible, in that re-reduction at E,,, = +1.40
V regenerates the starting spectrum, and isosbestic points are
observed with each series of spectral changes. The band at 2240
cm ! can be assigned to vy of trans-[RuCl,(CNBu"),], which is
only the second example of a ruthenium(1v) isocyanide com-
plex.* The tetravalent species is evidently quite stable at low
temperatures (7'<228 K), since it is also possible to electro-
generate trans-[RuCl,(CNBu'),] reversibly in an OTTLE cell.
The spectral changes accompanying this oxidation of trans-
[RuCI,(CNBu"),]~ are shown in Fig. 6. The principal band
in the spectrum of frans-[RuCl,(CNBu"),]” is shifted to lower
wavelength (418 to 528 nm) upon oxidation, as anticipated for
a XMCT transition of the type Cl(pr)—>Ru(dm).*

The oxidation of trans-[RuCl,(CNBu'),]” in acetonitrile is
considerably more complicated at room than at low temper-
ature. Bulk electrolysis of the chloride at E,,,= +1.70 V gives
rise to several species, characterised by reversible waves with
E,,=+0.33 and +0.81 V and an irreversible wave at
E,=+0.44 V. The wave at +0.33 V can be attributed to
mer,trans-[RuCL;(CNBu'),(NCMe)], but the other products
remain unidentified at present. The formation of multiple
products is confirmed by IR spectroelectrochemical experi-
ments. The mechanism for the oxidative cleavage of a metal—
halide bond proceeds via a tetravalent intermediate, since
trans-[RuCl,(CNBu"),] is identified during the early stage of
the electrolysis by its vy band at 2240 cm™', which gives way
in time to other bands. The oxidation of trans-[RuCl,-
(CNBu),]” in 0.25 mol dm™* [NBu,][PF4] in dichloromethane
containing CNBu" ultimately yields mer-[RuCl;(CNBu'),] and
trans-[RuClL,(CNBu"),]". The relevant data are summarised in
Tables 1-3.

Whilst the reductive elimination of halide from complexes
of the type [RuX,L _,J° (n >2) is well documented,*>* trans-
[RuX,(CNBu"),]™ are the first of their class to undergo oxid-
ative activation of halide. In some examples of this reaction the
cyclic voltammogram clearly shows an X /X, wave associated
with the oxidation of the complex.>**” This was not the case for
the present system §**°

Conclusion

A variety of previously unreported mixed halide-neutral donor
ligand complexes have been electrosynthesized from trans-
[NBu,J[RuX,(CNBu"),] (X =Cl or Br) and, in most instances,
characterised in situ by IR and UV-VIS spectroelectrochemis-
try. The reactions are summarised in eqns. (1)—(7). As has been

4 In situ oxidation of a 1:2 mixture of trans-[NBu,[RuBr,(CNBu"),]
and the bromide radical spin-trap, Bu'(O)NCH-CHN(O)Bu", in an
EPR spectroelectrochemical cell produced unidentified radical species.
This experiment was complicated by the spin-trap itself undergoing
an irreversible two-electron oxidation at E,, = +1.65 V.
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noted previously, reduction of complexes of this type generally
give products in which a halide has been replaced by an avail-
able neutral donor ligand. The chloro- and bromo-products are
analogous, although there are differences between their stabili-
ties and between the rates at which they are formed. Interest-
ingly cleavage of a metal-halide bond(s) also occurs upon
oxidation of these complexes, again resulting in the formation
of halide-substituted species. Although for X=Cl it was
possible to stabilise the simple one-electron oxidation product
at low temperature, complex mixtures of products were always
obtained; however in the case of X = Br the reactions proceeded
more cleanly. Generally the IR spectroelectrochemical studies
have provided considerable insight into the mechanism by
which these oxidatively induced reductive-elimination reactions
occur.
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