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ABSTRACT: Reported herein is a series of Ru,(Xap), capped
polyyn-diyl compounds, where Xap is either 2-anilinopyridinate (ap)
or its aniline substituted derivatives. Symmetric [Ru,(Xap),](u-
Cy)[Ru,(Xap),] (compounds 4ka (X = 3-isobutoxy) and 4ke (X =
3,5-dimethoxy) with k = 2, 3, 4, and S) was obtained from the Glaser
coupling reaction of Ru,(Xap),(C,H). Unsymmetric [Ru,(Xap),]-
(u-Cypsn)[Ruy(ap),] (compounds 4k+2b with k = 2, 3, and 4) were
prepared from the Glaser coupling reaction between
Ru,(Xap),(CyypH) and Ru,(ap),(CyH). X-ray diffraction study of

compound 12c¢ revealed both the sigmoidal topology of the polyyn-

diyl bridge and the fine structural detail about the Ru, cores. Cyclic and differential pulse voltammetric (CV and DPV)
measurements and spectroelectrochemical studies revealed that (i) the reduced monoanions [Ru,—C,,—Ru,]™" (m = 4—8)
belong to the Robin—Day class II mixed valent ions and (ii) the electronic coupling between Ru, termini depends on the length
of the polyyn-diyl bridge with an attenuation constant (y) between 0.12 and 0.15 A™". In addition, spin-unrestricted DFT
calculations provide insight about the nature of orbitals that mediate the long distance electronic coupling.

B INTRODUCTION

Bimetallic compounds containing a polyyn-diyl bridge have
fascinated both the organometallic and materials chemistry
communities for decades. Earlier efforts during the 1960s—80s
were focused on rigid rod oligomers/polymers, namely [M—
(C=C),,], with M as Ag, Au, Pd and Pt, with the hope that
they might function as prototypical molecular wires,' and
related compounds are still being pursued currently.” However,
conductivity studies revealed that these compounds are instead
insulators because of the electronic saturation of d* and d'
species.” Hence, the effort during the past two decades has been
shifted to the bimetallic [M]—(C=C),,—[M] type compounds
based on the middle transition metals, and the degree of z-
conjugation along the metal-polyyn-diyl backbone has been
assessed using voltammetry, spectroelectrochemistry, and other
techniques.4’ Noteworthy examples of [M]—(C=C),,—[M]
type compounds with significant electronic delocalization
include those with [M] as CpFe(P—P),° CpRe(P)NO,”*
CpRu(P), (terpyridine)Ru(P),,'* and Mn(P—P),,'* where
P and P—P represent mono- and bidentate phosphines,
respectively, and Ru,(DPhF), (DPhF = N,N’-diphenylforma-
midinate).”> Though rare, trimetallic compounds with two
bridging polyyn-diyls have been reported recently."* In addition
to the interesting electronic properties of these compounds in
bulk, recent years have seen several conductance studies of
metal-alkynyl compounds at single or few molecule levels."*
There has been an intense interest in the mixed valency of
dimeric and supramolecular assemblies based on metal—metal
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bonded dinuclear building blocks, and efforts from the
laboratories of Cotton'® and Chisholm'® are noteworthy.
Aiming at the discovery of new electronic and optoelectronic
materials, our laboratory has investigated an array of
diruthenium alkynyl compounds over the last 15 years.”'”'®
In particular, a number of [Ru,(ap),](#-C,,,)[Ru,(ap),] type
compounds (ap = 2-anilinopyridinate, m = 1—4, and 6) were
prepared and thoroughly characterized,'”*® where the facile
electron transfers between two [Ru,] termini mediated by
polyyn-diyl chains were demonstrated based on voltammetric
and spectroelectrochemical measurements. It has been our
interest to explore the same type of structure—property
relationship at longer distances. Several obstacles confronted
this effort: the inherent instability of species containing
extended polyyne chains, poor solubility of [Ru,(ap),],(u-
C,,,) and the difficulty of accessing species with odd number of
C=C units, namely [Ru,],(#-Cy,)- In this contribution, we
report the detailed syntheses, spectroscopic and voltammetric
studies of a more soluble series of symmetric [Ru,(Xap),],(u-
Cy) (k =2, 3,4, and S) and unsymmetric [Ru,(Xap),](u-
Cyrin)[Ruy(ap),] (k =2, 3, and 4) compounds with Xap = 2-
(3,5-dimethoxyanilino)pyridinate (DiMeOap)21 and 2-(3-
isobutoxyanilino)pyridinate (‘BuOap),** as defined in Chart
1. Spin-unrestricted DFT calculations on two model com-
pounds based on 10b and 12c, the structural characterizations
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Chart 1. Ru,—Polyyn—Ru, Studied Herein

y
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u—Ru {:}m R|u Ru

2ma: X =Y = 3-isobutoxy
2mb: X = 3-isobutoxy; Y =H
2me: X =Y = 3,5-dimethoxy

on 12¢, and the spectroelectrochemical studies of the mixed-
valence monoanions of 8a—16a are also reported herein.

B RESULTS AND DISCUSSION
Synthesis. Few families of extended polyyn-diyl bridged

bimetallic compounds have been systematlcally investigated
and include those based on CpRe(PPh3)NO trans-(p-tolyl) (p-
tol;P),Pt*>** and Cp*Ru(dppe).” In the case of Re species,
the Re—(C=C)R precursors with k > 3 were prepared from
the Cadiot—Chodkiewicz reaction, and the dirhenium species
were prepared from the Glaser reaction.® With the (p-
tolyl)Pt(P(p-tolyl);), capping unit, the Pt—(C=C),R pre-
cursors with k > 3 were prepared from Pt—(C=C),H using
the Glaser reaction, and subsequently homodimerized to yield
Pt—(C=C),—Pt with k as high as 7.*** The diplatinum
species Pt—(C=C),,—Pt with m being odd were prepared from
the reaction between Pt—(C=C),H and CI-Pt in the
presence of Cul/HNEt,** A fairly unique approach has been
developed for the preparation of [Ru]—(C=C),.,~[Ru] ([Ru]
= Cp*Ru(dppe)): a Cadiot—Chodkiewicz like reactlon
between [Ru]—(C=C),~Au(PPh;) and I-(C=C),Y resulted
in either the polyyne extension (Y = silyl) or the dlmerlzatlon
(Y ) 25,26

The monopolyynyl Ru,(Xap), precursors can be prepared
from metathesis reactions between Ru,(Xap),Cl and
LiCySiMe; in satisfactory yields when the polyyne is short (k
= 1-3).>"***" The monomers Ru,(Xap),(CgSiEt;) and
Ru,(Xap),(C,(SiEt;) may be prepared from either the Glaser
oxidative coupling reaction under Hay condltlons > or the
Cadiot—Chodkiewicz coupling reaction.”” While the former
method found success in our earlier work in producing related
compounds,® it has the drawback of producing a substantial
amount of homocoupled byproducts and hence was not used in
this work. Encouraged by the aforementioned successes in
preparing Pt-polyynyl*® and Re-polyynyl,*' the Cadiot—
Chodkiewicz coupling method was adopted for the preparation
of longer Ru,(Xap),(C,SiR;). As shown in Scheme 1, the

Scheme 1. Syntheses of Extended Mono-Ru, Polyynyl®
[Ruy(Xap)s]—C=C—C=C—C=C—H
(i) and (ii)
56% for X = BuO
86% for X = DiMeO
[Ruy(Xap)y] —C=C—C=C—C=C—C=C—H
(i) and (ii)
35% for X = 'BuO
59% for X = DiMeO

[Ruy(Xap),]—C=C—C=C—C=C—C=C—C=C—H

“Conditions: (i) BrC,SiEt;, n-BuLi, Cul, Et;NH and (i) K,CO;,
THF/MeOH; X = BuO, DiMeO, or nothing.

reaction between Ru,(Xap),(C¢H) and BrC=CSiEt, yielded
the compound Ru,(Xap),(C;SiEt;), which was subsequently
converted to the compound Ru,(Xap),(CgH) using K,COs.
The further extended Ru,(Xap),(C,oH) was prepared in the
same fashion from Ru,(Xap),(CgH). Due to the slow
degradation of both Ru,(Xap),(CsH) and Ru,(Xap),(C,oH)
under ambient conditions, they were prepared in situ from
Ru,(Xap),(C4SiEt;) and Ru,(Xap),(C;,SiEt;) and subjected to
further reactions immediately.

The symmetrically bridged compounds [Ru,(Xap),],(4-Cyy)
(4ka and 4kc with k = 2, 3, 4, and S) were prepared through
the Glaser coupling reaction of the corresponding
Ru,(Xap),(C,H) monomers as shown in Scheme 2. Similarly,

Scheme 2. Syntheses of Ru,—Ru, Polyyn-diyl Complexes
with Even and Odd Numbers of C—C Bonds”

Ru,(Xap)4(CH) — [Rux(Xap)sl(1-Cy)
Ruy(Xap)4(CxH) + Ruy(ap)s(Cppi H) ——

[Ruy(Xap)4](4#-C i+ 2)[Ruz(ap)s] + symmetric products

“Condition for procedures: cat. CuCl/TMEDA, O,, acetone; Yields:
symmetric dimers, 8a, 71%; 12a, 62%; 16a, 56%; 20a, 32%;
unsymmetric dimers, 10b, 34%; 14b, 28%; 18b, 14%.

the unsymmetric compounds [Ru,(‘BuOap),](¢-Cypia)-
[Ru,(ap),] (4k+2b, k = 2, 3, and 4) were synthesized by the
coupling reactions of the mixture containing two different
monomers, Ru,(‘BuOap),(Cy,,H) and Ru,(ap),(C,H), as
shown in Scheme 2. Both types of coupling reactions were
performed under the Hay conditions to provide symmetric or
unsymmetric products in moderate to good yields. Symmetric
compounds [Ruy(Xap),],(#-Cy.s) and [Ruy(ap)s]o(u-Cyp)
were present as byproducts from the coupling reaction of
mixed monomers, and they were successfully isolated by
preparative TLC. Both the Ru,(Xap),(C,H) monomers and
the bridged compounds are paramagnetic and cannot be
unambiguously characterized with 'H NMR spectroscopy.
Instead, these compounds were authenticated by HR-nESI-
MS and single-crystal X-ray diffraction study (12c).
Molecular Structure. Previously reported [Ru,(Xap),],(u-
C,,,) type structures include m = 2 and 4 with Ru,(ap), and m
= 3 with Ru,(DiMeOap),."**® With the more soluble
DiMeOap ligand, X-ray quality crystals of compound 12¢
were obtained. The structural plot of 12¢ is shown in Figure 1,
and the selected metric parameters are also provided in the
caption. Compound 12¢ exhibits a sigmoidal Ru,—C;,—Ru,
backbone and contains a crystallographic inversion center that
bisects the C,, chain. Similar S-shape M—C,—M geometries
have been observed in the structures of Pt—C,;,—Pt and Pt—
C;,—Pt** and Ru—C,,—Ru.*® From Figure 1, it is evident that
the coordination environments of the Ru, cores in 12c are very
similar to those observed in the previous studies of Ru,(Xap),—
alkynyl complexes.’ DiMeOap ligands adopt the (4,0) arrange-
ment with all anilino N-centers coordinated to one Ru center
(4 site) and all pyridine N-centers coordinated to the other Ru
center (0 site). The Ru—Ru bond length in 12¢ (2.366(1) A) is
slightly elongated from those found for other [Ru,(Xap),],(u-
C,,) (2.324—2.331 A, m = 2 and 3)."**° The elongation is
likely due to a strong Ru—C bond in 12¢, which in turn is
attributed to the electron deficiency of the C,, chain.
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Figure 1. Structural plot of compound 12c, hydrogen atoms are
omitted for clarity. Selected bond lengths (A) and angles (deg): Rul —
Ru2, 2.366 (1); Rul — C1, 2.03 (1); Rul — N11, 2.072(7); Rul —
N31, 2.068(8); Rul — NS51, 2.084(8); Rul — N71, 2.055(8); Ru2 —
N2, 2.021(7); Ru2 — N4, 2.031(8); Ru2 — N6, 2.018(7); Ru2 — N8,
2.025(8); C1 — C2, 1.24(1); C2 — C3, 1.38(1); C3 — C4, 1.21(1); C4
— C5, 1.33(1); C5 — C6, 1.24(1); C6 — C6A, 1.36(2); C1 — Rul —
Ru2, 179.0(3); C2 — C1 — Rul, 175.2(9); N(av.) — Rul — Ru2,
87.1(2); N(av.) — Ru2 — Rul, 88.5(6); C1 — C2 — C3, 173.4(11); C2
— C3— C4, 173.9(11); C3 — C4 — CS, 174.3(11); C4 — CS— C6,
176.4(12).

Voltammetric Properties. Rich redox characteristics have
been the hallmark of both the Ru,(Xap),(C,SiR;) and
[Ru,(Xap),l,(#-Cyp) type compounds.s Ru,(Xap),(CySiR;)
(k=2,3,4,and 5) species reported herein generally exhibit two
reversible one-electron processes localized on the Ru, center: a
reduction (A) between —0.45 and —0.55 V and an oxidation
between 0.55 and 0.70 V (B), as illustrated by the
voltammograms of Ru,(‘BuQOap), type compounds provided
in the Supporting Information. It is noted that the E, , for both
couples A and B anodically shift as k increases, reflecting the
increase in the electron-deficiency of —C,;SiR; with increasing
k.

Both the cyclic (CV) and differential pulse (DPV)
voltammograms of symmetric compounds 8a, 12a, 16a, and
20a, and unsymmetric compounds 10b, 14b, and 18b are
shown in Figure 2, while the potential data and K.
(comproportionation constants, see discussion below) for the
monoanions are listed in Table 1. The voltammograms and
potential data for compounds 8c—20c are provided in the
Supporting Information. All compounds display two pairs of
one-electron reductions between —0.34 and —2.01 V. The less
cathodic pair is attributed to the reductions of the Ru, centers
that is related to the le™ reduction (A) of Ru,(Xap)4(C,SiR;).
The more cathodic pair is likely due to reduction of the polyyn-
diyl bridge. The stepwise appearance rather than a 2e™ wave is
indicative of significant electronic coupling between two [Ru,]
termini.*” In the anodic region, all compounds studied herein
undergo a pseudo two-electron wave between 0.54 and 0.59 V,
while pairwise one electron waves were observed for
[Ru,(Xap),),(4-C,,.) compounds with m = 1-3."%*° The
pseudo two-electron waves in compounds of m > 4 are the
result of coalescence of two one-electron waves observed for
compounds of m = 1-3 because of the gradually weakening
Ru,---Ru, coupling as the polyyn-diyl chain elongates. It is clear
from Table 1 that the AE(—1) (= E,,(0/—1) — E;,(—1/-2))
gradually decreases as m increases, again reflecting the inverse
dependence of electronic coupling on Ru,-+-Ru, separation.>” In
general, potentials for all redox couples display a significant
anodic shift as the polyyne chain elongates, which is attributed
to the electron-deficient nature of the added acetylene units.

20a MM
+2/0 0/-1 -1/-2 -2/-3 -3/-4
AN\

18b

-3/-4
;2‘:7’\ 0/-1 -1/-2 -2/-3
f

3/-4
\ o1 V223

+2/0
14b J E;,_}[VL/

12a
200 0-1 -1/2 /.3 -3/-4
\_/ /U/\\v_/
10b N
3 0/-1 -1/-2 -3/-4
+2/0 -2/-3
8a

L 1 1 1 1 1 1 J
1 0.5 0 -0.5 -1 -1.5 -2 -2.5
EV, vs Ag/iAgCl

Figure 2. Cyclic and differential pulse voltammograms of compounds
8a, 10b, 12a, 14b, 164, 18b, and 20a recorded in 0.2 M THF solution
of Bu,NPF.

Table 1. Electrochemical Data from DPV Studies (vs Ag/
AgCl) and Comproportionation Constant for Monoanionic
Species

molecule +2/0 0/-1 —-1/-2 -2/-3 -3/—4

8a 0.54 —0.61 —0.77 —1.74 —-2.01
K(—1) =456

10b 0.55 —-0.54 —0.68 —1.60 —1.86
Ko(-1) =212

12a 0.58 —0.46 —-0.59 —1.46 —-1.74
Ke(=1) =129

14b 0.58 —-0.42 —-0.54 -1.33 —-1.62
Kco(-1) = 89

16a 0.58 —0.41 —0.51 —-1.22 —1.55
Ko(=1) = 47

18b 0.58 —0.38 —0.47 —-1.10 —1.46
Kco(-1) = 41

20a 0.59 —0.34 —-0.43 —-0.99 —1.38
Ke(~1) = 37

Among the related M—C,,,—M type compounds, the series
with M = CpRe(P)NO termini exhibits well-defined stepwise
reversible le™ oxidations with m up to 4, and irreversible le™
oxidations thereafter (m = S, 6, and 8).® The series with M =
Cp*Ru(dppe) exhibits well-defined stepwise (quasi)reversible
le” oxidations with m up to 8% The series with M =
(Aryl)Pt(P), does not display stepwise redox couples at
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all>***3* The series reported herein is unique in exhibiting
stepwise le™ reductions, a feature that sustains with m up to 10.

Electronic Spectroscopy. The Ru,(Xap),(C,R) mono-
mers based on both BuOap and DiMeOap ligands generally
display two intense bands in the Vis-NIR region similar to the
previously studied Ru,(ap),(CyR) type compounds.>** The
spectra of Ru,(‘BuOap),(C,R) with k up to S are provided in
Supporting Information. According to a TD-DFT analysis
previously published by our laboratory,”* the low-energy band
at ca. 760 nm is assigned as the transitions to the 6*(Ru,)
orbital from both the Ru—N(Xap) and z(Ru—Ru) orbitals,
which have a minimum dependence on the length of polyynyl.
The high-energy band at ca. 490 nm is attributed to the
transitions to the 5*(Ru,) orbital from both the z(C=C)
orbitals (predominant) and Ru—N(Xap) orbitals (minor) and
exhibits blue shift as the polyynyl chain elongates.

The vis—NIR spectra of compounds 8a, 10b, 12a, 14b, and
16a are shown in Figure 3. Upon the formation of bridged

2510, : ‘
AN —8a
| —10b
4 12a
2107 H 14b|
c ‘

1.510*

5000 |-

400 500 600 700 800 900 1000
A (nm)

Figure 3. Vis-NIR spectra of (4-C,,,) compounds (m = 4—8) based on
the BuOap ligand recorded in THF.

dimers, the absorption spectra become both intensified and
more complex compared with the corresponding
Ru,(‘BuOap),(CR) precursors. In the previous report of
[Ruy(ap),],(4-Cy,) (m = 1-3),*° the spectra clearly featured
four major transitions: a shoulder at ca. 450 nm, a very intense
peak at ca. 570 nm, another intense peak centered at 750 nm,
and a peak (shoulder) around 890 nm. As the polyyn-diyl chain
elongates, the intensities for both the peak at 590 nm and the
shoulder at ca. 950 nm gradually diminish. Specifically, the peak
at ca. 590 nm is still distinct in 8a and 10b but completely
disappears with m > 6. From 8a to 16a, the shoulder at ca. 950
nm remains observable with decreasing intensity as n increases.
Similar to the Ru,(Xap),(CyR) monomers, the intense
absorption at 470 nm is associated with the z(C=C) —
5*(Ru,) transition and is consequently sensitive toward the
degree of 7 delocalization in the polyyn-diyl backbone. In fact,
the intensity increased nearly 3-fold from 8a to 16a. Originating
from the Ru—N(Xap) and #(Ru—Ru) to &*(Ru—Ru)
transitions, the peak centered at 780 nm has a weak
dependence on the length of polyyn-diyl since 7(C=C)
orbitals are not directly involved in either the ground state or
the excited state.

Spectroelectrochemistry. Spectroelectrochemical reduc-
tions of 8a, 10b, 12a, 14b, 16a, 18b, and 20a were performed
and a representative study for 8a is shown in Figure 4, while

0.6 T T T
(a) First reduction

Absorbance

500 1000 1500 2000 2500
A (nm)
0.6 T T T T
T (b) Second reduction

Absorbance

500 1000 1500 2000 2500
A (nm)

Figure 4. First (a) and second (b) spectroelectrochemical reductions
of 8a in THF solution; the IVCT band at 2120 nm is shown in the
inset of (a).

those of 10b, 12a, 14b, and 16a have been placed in Supporting
Information. Compounds 18b and 20a were unstable in
solution, and their spectroelectrochemistry was not inves-
tigated.

Reduction of 8a shows growth of two new bands at 1140 and
2120 nm (Figure 4a, the A,,s are derived from the spectral
deconvolution discussed below). These bands are not present
for the doubly reduced species (Figure 4b) and are therefore
assigned to intervalence transitions (IT). Similar IT bands of
greater intensity have been previously reported for
[Ru,(ap),]o(u-C4) and [Ru,(‘BuOap),],(u-Cs) com-
pounds.'®*® Tt is possible to deconvolute these IT bands
from the absorption envelope assuming Gaussian band shape,
and the results of this deconvolution for (8a)'™—(16a)'~
compounds have been compiled in Table 2. Figures of the
Gaussian band fitting have been placed in Supporting
Information.

The proximity of the high-energy intervalence band (IT,) to
the more intense band at 850 nm is problematic to the fitting
process because the intensity of the 850 nm band varies with
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Journal of the American Chemical Society

Table 2. Deconvoluted Intervalence Band Data of the
(8a)'"—(16a)"~ Compounds®

IT, IT,

compound v Vi Emax v Vi) Emax
8a 4710 5430 1860 8780 2710 4080
10b 5737 3956 1410 8454 2313 2380
12a 5470 4420 1840 9050 2610 4220
14b 5950 4150 680 9370 2690 3200
16a 5360 4670 1090 8940 2140 4670
62’ 5180 2020 7360
4 5670 1630 7700

“All data in cm™ except for £, in M™' cm™. bTaken from refs 18
and 20, and 4 is based on Ru,(ap),.

the length of the bridge. The low-energy intervalence band
(IT,) is sufficiently removed from this interference so that its
spectral data are more reliable.

The successful preparation of polyyn-diyl (C,,) bridged
dimers with m up to 10 offers the possibility of probing
electronic coupling over a tunable distance. As shown in Table
1, the comproportionation constant decreases steadily as the
separation between bridged metal centers increases, and this
suggests a concomitant decrease in metal—metal coupling.
However, the free energy of comproportionation is made up of
a number of free energy terms as shown below.>

AG, = AG, + AG, + AG, + AG, + AG,, (1)

In eq 1, AG, reflects the statistical distribution of the
comproportionation equilibrium, AG, accounts for the electro-
static repulsion of two like-charged metal centers, AG; is an
inductive factor dealing with competitive coordination of the
bridging ligand by the metal ions, AG, is the free energy
associated with the stabilizing effect of metal—metal coupling
on the mixed-valence ions, and AG;; is the difference in ion
pairing between redox products. For the reduction of neutral
compounds in low-dielectric solvents, AG;, can be significant
and is of opposite sign compared to the other factors in eq 1
and so decreases AG.. Our cyclic voltammetry studies used 0.2
M Bu,NPF; as electrolyte, and it is expected that ion pairing
between Bu,N" and 8a—20a anions will be small. Furthermore,
if we make the assumption that for [8a]*"—[20a]*" the anion
centers are sufficiently separated so that ion pairing effects are
the same as for [8a]'"—[20a]'", AGj, ~ 0 and can be ignored.
The other nonresonance exchange contributions to the free
energy of comproportionation AG,, = AG, + AG, + AG; are
also expected to be small under the conditions of our study and
can be best estimated by the AG, of the weakest coupled
system, 20a (Table 3), AG,, = 90 mV. The difference between
AG, and AG,, would thus be a measure of AG,, which, because
there are two mixed-valence complexes generated in the
comproportionation equilibrium, should be divided by a factor
of 2, yielding AG,/, the free energy resonance exchange for a
single mixed-valence complex. Values of AG, for the
compounds of this study as well as those of previously reported
data for 4°° and 6a'® have been placed in Table 3.

Anions [8a]'"—[20a]!” are Class II mixed-valence com-
plexes, and the free energy of resonance exchange can be
rel}zzted to the resonance exchange integral H 4 according to eq
2:

Table 3. Estimates of Bridged Ruthenium Ion Separation,
the Free Energy Comproportionation, the Free Energy
Resonance Exchange, and Resonance Exchange Coupling
Element

Ry AG, AG, H,y? H,°
compound (A)“ (mV)? (mVv)*© (em™) (em™)
ry 8 380 145 2510 687
6a% 10.5 200 105 2140 544
8a 13 157 33 1200 380
10b 18.5 137 23 1000 181
12a 18 124 17 860 177
14b 20.5 114 12 720 95
16a 23 97 3.5 390 88
18b 258.5 93 1.5 AN
20a 28 920 0 0

“Estimated from crystal structure data. YAG, = E(0/-1) — E(-1/-2)
from Table 1. “AG,’ =1/2[AG, — 90 mV]. “Using eq 2. *Using eq 3.
fRef 18 in Table 2 and based on Ru,(ap),. SRef 20 in Table 2.

Had
A(;r/ = —
EI] (2)

where Eip is the intervalence band energy. We used the average
energy of the lowest energy intervalence bands IT; in Table 2
(Eppr = 5400 cm™) and calculated the values of H,; which were
placed in Table 3.

For Class II systems, the Hush model” provides an
alternative estimation of resonance exchange coupling using
intervalence band data and eq 3.

137

206 x 107

1/2
Had - (€maxymaxAyl/2)

Rym 3)
We used the spectral data of the lowest energy intervalence
transition IT; (Table 2) and the transition dipole moment
length, Ry (Table 3) in eq 3 to calculate values of resonance
exchange coupling H,4, which are also listed in Table 3.

In Table 3, H,qy derived from the free energy of
comproportionation is approximately a factor of 4 greater
than those calculated using the Hush model. This is not
unexpected because AG, is a measure of the total
thermodynamic stability of the mixed-valence complex due to
metal—metal coupling. For mixed-valence complexes with more
than one intervalence band, only a partial measure of the total
resonance exchange can be obtained from the spectral data of a
single intervalence band and eq 3. Indeed, the lower intensity of
IT, compared to IT, in Table 2 must result from the poorer
symmetry and energy match of metal orbitals with the orbitals
of bridging u-C,,, (m = 2—8) groups. The distance dependence
of resonance exchange is most often described by an
exponential dependence on distance:*®

H,y = Hy exp(=yR) )

where H 4 and H, are the donor and acceptor wave function
resonance exchange at distance R and van der Waals contact,
respectively, y is a decay factor that is a measure of the
medium’s ability to mediate electronic coupling, and R is the
separation between donor and acceptor from van der Waals
contact. Assuming that R = Ry, (the distance separating the
two nearest Ru atoms) for the mixed-valence systems (4—
16a)'", plots of In(H,4) versus Ry, (Figure S) using the two
sets of H,q in Table 3 yielded two linear relationships with y =
0.12 and 0.15 A™". Theory predicts a single value of y for a
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Figure 5. Distance dependence plot of In(H,4) versus Ry (A) from
data in Table 3. Top and bottom linear plots represent H,4 calculated
according to eqs 2 and 3, respectively. Open circles in red are data of
compounds 4 and 6a taken from refs 18 and 20, respectively.

given bridging system or medium, and so the similarity between
these two values is reassuring. The values are larger than that
found for oligoene-bridged donor—acceptor pairs (0.070 A~')**
and Fc-Fc* donor—acceptor pairs (0.087 A™1),*" but far smaller
than that found for donor—acceptor pairs containing hemes
(0.5—2 A™)*' or B-sheet proteins (0.9—1.15 A™").*

DFT Study. In order to gain further understanding of the
nature of electronic couplings in polyyn-diyl bridged dimer
compounds, spin-unrestricted DFT calculations at the
B3LYP"/ LanL2DZ level (Gaussian03 program)** were
performed on the model compounds 10d and 12d, which
correspond respectively to the compounds 10b and 12¢ with
alkoxy substituents replaced by H. Most of the optimized bond
lengths and angles (detailed tabulation provided in the
Supporting Information) are in good agreement with the X-
ray structure of 12c. However, the optimized Ru—Ru bond
distances, 2.396 A in 10d and 2.397 A in 12d, are slightly longer
than the experimental value of 2.366(1) A, which is attributed
to the underestimation of weak metal—metal interactions by the
DFT (B3LYP) method.”** The computed energies and
contour plots of the high-lying occupied MOs are given in
Figure 6, and the optimized structures and geometric
parameters are provided in the Supporting Information.
Monoalkynyl compounds, Ru,(ap),(CyR), generally have
three unpaired electrons originating from a &*z*8*z**5*!
ground-state configuration, which has been verified from both
the temperature-dependent magnetic susceptibility measure-
ment and DFT studies.”>*® Since the §* orbital is based on the
Ru d,, orbital, it has a minimal interaction with the 7(C=C)
orbitals due to orbital orthogonality, and the unpaired &*
electron is localized. The #* orbitals are composed of Ru d,,
and d,, orbitals, which can overlap effectively with the 7(C=C)
of the axial alkynyl ligand. The 7* electrons can be delocalized
onto the polyyn-diyl bridge, which is responsible for the
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Figure 6. High-lying occupied molecular orbital diagrams for 10d (left) and 12d (right) obtained from DFT calculations; their energies are tabulated

in the Supporting Information.
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electronic coupling between two Ru, termini. Though no DFT
calculations were performed on the Ru,(ap),(CyR) type
compounds with k > 1, the valence orbitals of these compounds
should be similar to those described for Ruz(ap)4(C2R).22

Analogous to the previous DFT study of Ru,(ap),—Cs—
Ru,(ap),,"® six magnetic (singly occupied) orbitals have been
identified for each of the compounds 10d and 12d and depicted
in Figure 6. In both cases, the SOMO and SOMO-1 are
composed of the §*(Ru—Ru) orbitals without the contribution
of the polyyn-diyl ligand. These electrons are localized on two
ends of the molecule and do not contribute to the electronic
coupling. Due to the weak interaction between two &*(Ru—
Ru) orbitals, the singly occupied molecular orbitals SOMO and
SOMO-1 are almost degenerate. The SOMO and SOMO-1 in
12d appear symmetric, while those of 12d are localized at one
of the two Ru, ends (dissymmetric). The calculated lowest
unoccupied molecular orbitals (LUMO and LUMO+1) for
both 10d and 12d are predominantly 6(Ru—Ru)* orbitals, and
their contour plots are provided in the Supporting Information.

It is clear from Figure 6 that the SOMO-2—SOMO-5 of both
model compounds are primarily made of antibonding
combinations of the 7*(Ru—Ru) orbitals with the x orbitals
of the polyyn-diyl bridge. Clearly, the 7-interaction between the
Ru, center and axial bonded polyyn-diyl is dominated by the
filled—filled type. Furthermore, both the SOMO-2 and SOMO-
3 display extensive mixings between 7*(Ru—Ru) and all 7(C=
C) across the Cy, and C,, bridges, respectively, while the
SOMO-4 and SOMO-S have the similar bonding mode, but
with less contributions from the Cy and C,, bridges.

B CONCLUSION

Reported in this contribution is a comprehensive study of the
series [Ru,(Xap),],(#-C,,) (m = 4—10), where the voltam-
metric, spectroelectrochemical, and DFT studies of an extended
family of wire-like molecules revealed a persistent electronic
coupling across the polyyn-diyl bridges. The calculated
comproportionation constants, K, qualitatively revealed the
class I Robin—Day mixed valency nature for [Ru,(Xap),],(u-
C,,,) with m > 4. The attenuation constant (y) was found to be
between 0.12 and 0.15 A™" based on the electronic couplings
(H,q) estimated from voltammetric and spectroelectrochemical
data for [Ru,(Xap),],(#-C,,,) over a broad range of polyyn-
diyls (m = 2—8). The spin-unrestricted DFT calculations
revealed extensive mixing between the filled 7*(Ru—Ru) and
#(C=C) orbitals in the SOMO-2—SOMO-5, which are the
plausible superexchange pathways between two Ru, termini.

B EXPERIMENTAL SECTION

n-BuLi and Et;N were purchased from Aldrich, CuCl, Cul, and
N,N,N',N’- tetramethylethylenediamine (TMEDA) from ACROS, and
silica gel from Merck. Ruz("Banp),;(CZkH),Z2
Ru,(DiMeOap),(CyH),>" Ruy(ap),(C,H) (k = 2 and 3),*° 1,6-
bistrimethylsilyl-1,3,5-hexatriyne,*’ and 1-bromo-2-triethylsilyl (BrC=
CSiEt;)**** were prepared according to literature procedures.
Ru,(‘BuOap),(CH) and Ru,(DiMeOap),(C¢H) were synthesized
by using the same method as that of Ru,(ap),(C¢H). The syntheses of
Ru,('BuOap),(CsSiEty), Ru,(DiMeOap),(C4SiEt;),
Ru,(‘BuOap),(C,(SiEt;), and Ru,(DiMeOap),(C,,SiEt;) followed
that described for Ru,(ap),(CsSiR;) and Ruz(ap)4(CmSiR3),30 and
the details are provided in Supporting Information. THF was distilled
over Na/benzophenone under an N, atmosphere prior to use. Unless
specified, all syntheses were performed using standard Schlenk
techniques under a nitrogen atmosphere. Vis-NIR spectra were
acquired in THF using a JASCO V-670 UV—vis-NIR spectropho-

tometer. Infrared spectra were recorded on a JASCO FT/IR-ATR
6300 spectrometer. All HR-nESI-MS spectra were performed on a
prototype version of a QqTOF tandem mass spectrometer in CH,Cl,/
MeOH 50/50 (Q-Star Pulsar XL; Applied Biosystems Sciex, Concord,
ON, Canada). Masses were calculated by isotopic distribution utilizing
Analyst 1.5 software (Applied Biosystems Sciex, Concord, ON,
Canada). Both cyclic and differential pulse voltammograms were
recorded in 0.20 M (n-Bu),NPFq solution (THF, N,-degassed) on a
CHI620A voltammetric analyzer with a glassy carbon working
electrode (diameter: 2 mm), a Pt-wire auxiliary electrode, and a Ag/
AgCl reference electrode. The concentration of diruthenium species is
always 1.0 mM. The ferrocenium/ferrocene couple was observed at
0.575 V (vs Ag/AgCl) under experimental conditions.

General Procedure for Preparation of Dimers. (i) Symmetric
dimers. A Schlenk tube was charged with CuCl (30 mg), acetone (20
mL), and TMEDA (2 mL) and stirred under N, for 0.5 h to yield a
blue-green supernatant. A three-neck flask was charged with the
precursor Ru,(Xap),(CyH) (k = 2—5, X = DiMeO or ‘BuO) and
THF (50 mL), and dry oxygen was bubbled through with stirring for §
min. The blue-green Cu-TMEDA supernatant was added into the
three-neck flask in portions. The reaction mixture was stirred for
another 0.5—2 h and then filtered through a silica gel pad (2 cm). After
solvent removal, the residue was purified by a silica gel column
deactivated by 10% Et;N in hexanes using a linear gradient of eluents
(THF/hexanes, 1/10 to 1/1, v/v) to give pure products. (ii)
Unsymmetric dimers: A three-neck flask was charged with precursors
Ru,(Xap),(Cy,H) and Ruy(ap)4(CyH) (k = 2—4, X = DiMeO or
BuO) and 100 mL of THF, and dry oxygen was bubbled through with
stirring for 5 min. The blue-green Cu-TMEDA supernatant described
in (i) was added into the three-neck flask in portions. The reaction
mixture was stirred for another 0.5—2 h and then filtered through a
silica gel pad (2 cm). After solvent removal, the residue was purified
using preparative TLC with THF /hexanes/Et;N (1/3/0.1, v/v/v) to
give pure products.

Preparation of [Ru,(BuOap)J(u-Cg) (8a). General procedure for
preparation of dimers was applied using Ru,(‘BuOap),(C,H) (100 mg,
0.082 mmol), and the reaction mixture was stirred for 0.5 h. Column
chromatography purification afforded 8a as a brown solid (70.9 mg,
71%). Data for 8a: R (THF/hexanes = 1/2, v/v): 0.63. HR-nESI-MS
(m/e, based on '*'Ru): 2432.6893 [M*], (calc. 2432.6901). Vis-NIR,
Amae (nm, eM™ ecm™)): 940 (sh), 777 (10,100), 583 (10,200), 479
(14,000). IR, v(C=C)/cm™": 2110(w), 1940(w). Electrochemistry
(THE), E,;,/V, AE,/V, it/ ivadovars 0:535, 0.130, 0.99; —0.608,
0.070, 0.79; —0.765, 0.082, 0.70; —1.741, 0.106, 0.77; —2.008, 0.068,
0.78.

Preparation of [Ru,(BuOap),J(u-C;o)[Ru(ap),] (10b). General
procedure for preparation of dimers was applied using
Ru,(‘BuOap),(C¢H) (100 mg, 0.081 mmol) and Ru,(ap),(C,H)
(75.3 mg, 0.081 mmol). The reaction mixture was stirred for 1 h.
Preparative TLC purification gave 10b as a brown solid (59.7 mg,
349%). Data for 10b: R, (THF /hexanes = 1/2, v/v): 0.83. HR-nESI-MS
(m/e, based on *'Ru): 2168.4619 [M*], (calc. 2168.4600). Vis-NIR,
A (nm, eM™' cm™)): 940 (sh), 777 (9,400), 589 (8,000), 481
(16,900). IR, v(C=C)/cm™": 2133(w), 2019(w), 1983(w), 1910(w).
Electrochemistry (THF), E,,/V, AE,/V, ifnsard/ ivacioward: 0-548, 0.209,
0.98; —0.542, 0.130, 0.97; —0.679, 0.143, 0.92; —1.602, 0.134, 0.82;
—1.859, 0.151, 1.13. )

Preparation of [Ru,('BuOap),l,(u-C;;) (12a). General procedure
for preparation of dimers was applied using Ru,(‘BuOap),(C¢H) (100
mg, 0.081 mmol), and the reaction mixture was stirred for 0.5 h.
Column chromatography purification afforded 12a as a brown solid
(61.9 mg, 62%). Data for 12a: Ry (THF/hexanes = 1/2, v/v): 0.49.
HR-nESI-MS (m/e, based on '®'Ru): 2480.6893 [M*], (calc.
2480.6901). Vis-NIR, A_.. (nm, e(M™ ecm™)): 777 (9,400), 475
(23,000). IR, »(C=C)/cm™": 2116(w), 2051(w), 1933(w). Electro-
chemistry (THE), E,»/V, AE,/V, it/ ivackavara: 0-578, 0.113, 0.99;
—0.464, 0.068, 0.96; —0.588, 0.072, 0.92; —1.463, 0.141, 0.87; —1.741,
0.116, 0.85.

Preparation of [Ru,(BuOap),J(u-C,,)[Ru(ap)] (14b). General

procedure for preparation of dimers was applied using
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Ru, (‘BuOap),(CsH) (100 mg, 0.079 mmol) and Ru,(ap),(C.H) (75.3
mg, 0.079 mmol). The reaction mixture was stirred for 1 h. Preparative
TLC purification gave 14b as a brown solid (49.0 mg, 28%). Data for
14b: Ry (THF/hexanes = 1/2, v/v): 0.68. HR-nESI-MS (m/e, based on
101Ru): 2216.4602 [M*], (calc. 2216.4600). Vis-NIR, A, (nm, e(M™!
cm™)): 780 (8,100), 418 (40,000). IR, v(C=C)/cm™*: 2138(w),
2082(w), 2060(w), 1957(w) and 1943(w). Electrochemistry (THF),
Eyo/V, AE,/V, ity ioacwsna 0-580, 0.152, 0.98; —0.422, 0.037, 0.78;
—0.536, 0.029, 0.76; —1.334, 0.121, 0.73; —1.619, 0.101, 0.82.

Preparation of [Ru,(BuOap),,(u-C;s) (16a). General procedure
for preparation of dimers was applied using Ru,(BuOap),(CgH) (100
mg, 0.079 mmol), and the reaction mixture was stirred for 1 h.
Column chromatography purification afforded 16a as a brown solid
(55.9 mg, 56%). Data for 16a: R; (THF/hexanes = 1/2, v/v): 0.32.
HR-nESI-MS (m/e, based on '®'Ru): 2528.6876 [M'], (calc.
2528.6901). Vis-NIR, A, (nm, e(M™' ecm™)): 778 (8,900), 432
(39,300). IR, v(C=C)/cm™": 2138(w), 2073(w), 2023(m), 1932(m).
Electrochemistry (THF), E, ,/V, AE,/V, ignad/ inacioward? 0-580, 0.074,
0.98; —0.414, 0.043, 0.91; —0.511, 0.034, 0.89; —1.220, 0.105, 0.96;
—1.554, 0.052, 0.90.

Preparation of [Ru,(BuOap),J(u-C;g)[Ru,(ap),] (18b). General
procedure for preparation of dimers was applied with
Ru,(‘BuOap),(C;oH) (100 mg, 0.078 mmol) and Ru,(ap),(CsH)
(76.2 mg, 0.078 mmol). The reaction mixture was stirred for 1 h.
Preparative TLC purification gave 18b as a brown solid (24.7 mg,
14%). Data for 18b: R, (THF/hexanes = 1/2, v/v): 0.48. HR-nESI-MS
(m/e, based on '*'Ru): 2264.4607 [M*], (calc. 2264.4600). Vis-NIR,
A (nm, e(M™! cm™)): 779 (10,300), 489 (30,500). IR, »(C=C)/
em™!: 2149(w), 2107(w), 2029(m), 1935(m), 1894(m). Electro-
chemistry (THF), E,,/V, AE,/V, itoryard/ ivaciwardt 0-582, 0.073, 1.03;
—0.380, 0.074, 0.80; —0.473, 0.073, 0.82; —1.103, 0.073, 0.79; —1.456,
0.078, 0.77.

Preparation of [Ru,(BuOap)(u-Css) (20a). General procedure
for preparation of dimers was applied with Ru,(‘BuOap),(C,,H) (100
mg, 0.078 mmol) and the reaction mixture was stirred for 1 h. Column
chromatography purification afforded 20a as a brown solid (32.2 mg,
32%). Data for 20a: R; (THF/hexanes = 1/2, v/v): 0.19. HR-nESI-MS
(m/e, based on '*'Ru): 2576.6898 [M*], (calc. 2576.6901). Vis-NIR,
Anax (nm, e(M™! cm™)): 784 (9,400), 448 (35,600). IR, v(C=C)/
em™: 2154(w), 2100(w), 2037(m), 1933(m). Electrochemistry
(THEF), Eo/V, AE,/V, itna/ivacksna: 0-589, 0.146, 0.89; —0.340,
0.063, 0.82; —0.430, 0.05S, 0.79; —0.992, 0.118, 0.78; —1.375, 0.073,
0.77.

Preparation of [Ru,(DiMeOap),J,(u-Cg) (8c). General procedure
for preparation of dimers was applied with Ru,(DiMeOap),(C,H)
(100 mg, 0.086 mmol) and the reaction mixture was stirred for 0.5 h.
Column chromatography purification afforded 8c as a gray solid (76.4
mg, 76%). Data for 8c: Ry (THF/hexanes = 1/1, v/v): 0.45. HR-nESI-
MS (m/e, based on '*'Ru): 2336.3982 [M*], (calc. 2336.3990). Vis-
NIR, A, (nm, eM™ cm™)): 788 (13,800), 585 (13,200), 480
(20,600). IR, o(C=C)/ecm™: 2108(w), 1937(w). Electrochemistry
(THF), Eo/V, AE,/V, itonua/ibackwsnat 0-520, 0230, L11; —0.580,
0.084, 0.88; —0.758, 0.097, 0.87; —1.720, 0.131, 0.99; —1.983, 0.13S,
0.92.

Preparation of [Ru,(DiMeOap),],(1-C;,) (12c). General procedure
for preparation of dimers was applied using Ru,(DiMeOap),(C¢H)
(100 mg, 0.084 mmol), and the reaction mixture was stirred for 0.5 h.
Column chromatography purification afforded 12c as a brown solid
(60.1 mg, 60%). Data for 12c: Ry (THF/hexanes = 1/1, v/v): 0.36.
HR-nESI-MS (m/e, based on '"'Ru): 2384.3996 [M'], (calc.
2384.3990). Vis-NIR, 4. (nm, e(M™' cm™)): 788 (15,600), 585
(15,000), 480 (23,200). IR, v(C=C)/cm™": 2115(w), 2047(w),
1932(w). Electrochemistry (THE), Ei;,/V, AE,/V, ifnmd/ ibackoard:
0.554, 0.090, 0.95; —0.475, 0.069, 0.92; —0.597, 0.064, 0.85; —1.453,
0.067, 1.24; —1.708, 0.067, 1.19.

Preparation of [Ru,(DiMeOap),],(1-C;s) (16¢). General procedure
for preparation of dimers was applied using Ru,(DiMeOap),(CsH)
(100 mg, 0.082 mmol), and the reaction mixture was stirred for 1 h.
Column chromatography purification afforded 16c as a brown solid
(47.9 mg, 48%). Data for 16c: Ry (THF/hexanes = 1/1, v/v): 0.25.

12181

HR-nESI-MS (m/e, based on '©'Ru): 2432.3978 [M'], (calc.
2432.3990). Vis-NIR, A, (nm, e(M™ cm™)): 1000 (sh), 792
(12,500), 500 (sh), 436 (64,700). IR, v(C=C)/cm™': 2137(w),
2073(w), 2020(m), 1929(m). Electrochemistry (THEF), E, ,/V, AE,/
V, imad/foadenna: 0.554, 0.087, 0.98; —0.408, 0.066, 1.16; —0.511,
0.071, 1.03; —1.206, 0.071, 1.26; —1.533, 0.076, 1.27.

Preparation of [Ru,(DiMeOap),J,(1-C;,) (20c). General procedure
for preparation of dimers was applied using Ru,(DiMeOap),(C,,H)
(100 mg, 0.081 mmol), and the reaction mixture was stirred for 1 h.
Column chromatography purification afforded 20c as a brown solid
(28.1 mg, 28%). Data for 20c: Ry (THF/hexanes = 1/1, v/v): 0.13.
HR-nESI-MS (m/e, based on '®'Ru): 2480.3984 [M'], (calc.
2480.3990). Vis-NIR, ... (nm, e(M™ cm™)): 785 (26,700), 449
(123,000). IR, v(C=C)/cm™: 2149(w), 2082(w), 2025(m), 1931-
(m).Electrochemistry (THF), E,,/V, AE,/V, ifngrd/ ivaciward: 0-351,
0.073, 1.05; —0.351, 0.116, 1.33; —0.436, 0.076, 1.13; —1.001, 0.065,
1.38; —1.383, 0.061, 1.32.

X-ray Data Collection, Processing, And Structure Analysis
and Refinement. Crystals of 12¢ were grown via slow diffusion of
ether into a dichloromethane solution of the desired compound at low
temperature. A dark-red needle of compound 12¢ with approximate
dimensions of 0.44 X 0.19 X 0.11 mm was mounted on a glass fiber in
a random orientation. The X-ray intensity data were measured on a
Nonius KappaCCD diffractometer at 150 K using MoKa (4 = 0.71073
A). The structure was solved using the structure solution program
PATTY in DIRDIF99*® and refined using the SHELX-97.* Crystal
data of 12¢: C;14H,04N40,¢Ruy, fw = 2382.50, monoclinic, C2/¢, a =
42.227(2), b = 12.433(1), ¢ = 24.635(2) A, B = 120.314(3)°, V =
11165(1) A%, Z = 4, D = 1417 g cm™, R1 = 0.082, wR2 = 0.201.

Computational Details. The model compound 12d was built
based on the crystal structure of 12¢ with the —DiMeO groups of 12¢
being replaced with —H. The model compound 10d was also
constructed based on the crystal structure of 12¢ with the —DiMeO
groups of 12¢ being replaced with —H and one of the —C=C— units
being deleted. Full optimizations on both models have been carried
out using the DFT formalism with the spin unrestricted option as
implemented in the Gaussian 03 program, with the B3LYP functional.
The choices of basis sets are 3-21G for H atoms, 6-31G* basis sets for
C, N, O atoms, and LANL2DZ basis set for Ru atoms. In all
calculations, convergence was achieved when the relative change in the
density matrix between successive iterations was <1 X 107%. No
negative frequency was observed in the vibrational frequency analysis
which indicates that these polyyn-diyl bridged Ru, models are
metastable equilibrium structures.

Spectroelectrochemistry. An OTTLE cell was used to perform
the spectroelectrochemistry. The cell had interior dimensions of
roughly 1 X 2 cm with a path length of 0.2 mm and was fitted with a
Ag/AgCl reference electrode and gold-foil (500 line/inch, 60%
transmittance, Buckbee Mears) for the working and counter
electrodes. All of the spectroelectrochemical transformations showed
good reversibility (>90% recovery of original complex spectrum).
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