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ABSTRACT: Reported in this Article are the preparation and
characterization of a series of new Ru,(ILIII) compounds bearing
one cross-conjugated o-geminal-diethynylethene ligand (gem-DEE),
namely, Ru,(Xap),(Y-gem-DEE) (Xap = N,N’-anilinopyridinate
(ap) or 2-(3,5-dimethoxy)anilinopyridinate (DiMeOap), and Y =
Si'Pry (1) or H (2)) and [Ru,(ap),),(u-gem-DEE) (3).
Compounds 1—3 were characterized by spectroscopic and
voltammetric techniques as well as the single crystal X-ray
diffraction study of 2a. The X-ray structural data of 2a and the
spectroscopic/voltammetric data of compounds 1 and 2 indicate
that the gem-DEE ligands are similar to simple alkynyls in their
effects on the molecular and electronic structures of the Ru,(Xap),

moiety. Similar to the previously studied [Ru,(ap),],(#-C,,) type compounds, dimer 3 exhibits pairwise le” oxidations and
reductions, albeit the potential splits within the pair (AE,,,) are significantly smaller than those of [Ru,(ap),],(4-C,). The
electronic absorption spectra of the reduced and oxidized derivatives of 1a and 3 were determined using spectroelectrochemistry
methods. No discernible intervalence charge transfer transition (IVCT) was detected in the near-IR spectrum for either 3~ or 3°,
suggesting that the Ru,—Ru, coupling in these mixed-valence states is weak. DFT calculations on a model compound of 3 yielded
six singly occupied molecular orbitals (SOMOs), which have Ru, contributions similar to those previously calculated for the
[Ru,(ap),],(#-Cy,) type compounds. Among six SOMOs, SOMO-2 is the only one containing substantial dz—z(gem-DEE)
character across the entire Ru,-yi-gem-DEE-Ru, linkage, which explains the weakened Ru,—Ru, coupling.

B INTRODUCTION

Organometallic compounds with conjugated carbon-rich back-
bones have been studied as prospective molecular wires"” and
nonlinear optical (NLO) chromophores.’ Much of the research
during the past 20 years on molecular wires has been based on
linearly conjugated o-oligoen-diyl -(C=C),- or o-oligoyn-diyl
-(C=C),- ligands capable of facilitating facile charge transfer.”"
Notable examples of the [M]-(C=C),-[M] type compounds
include M as Re,” Fe,° Ru,” Pt,° and Ruz,g_13 where significant
electronic couplings between the two [M] termini mediated by
the polyyn-diyl bridges were demonstrated in bulk media based
on voltammetric and spectroscopic studies. Though less studied
compared to oligoyn-diyl bridged compounds, bimetallic
compounds bridged with oligoen-diyl have been prepared
with M = Ru'* and Fe,'> where significant M—M couplings
were uncovered as well.

In contrast to the aforementioned successes based on
transition metal o-oligoyn-diyls, far less investigated are
complexes containing nonlinear or branched carbon-rich
linkers, such as the cross—conjugatedm’17 and cruciform
types.'® The concept of cross-conjugation has been around
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for quite some time and was defined as “a compound
possessing three unsaturated groups, two of which although
conjugated to a third unsaturated center are not conjugated to
each other” according to Phelan and Orchin.'” Recent synthetic
advances, primarily from the laboratories of Diederich'®*° and
Tykwinski,'”*' have made it possible to explore cross-
conjugated nonlinear eneyne and enediyne scaffolds, which
have drawn considerable interest recently due to their novel
optoelectronic properties.'”*” Transition metal complexes with
eneyne or enediynes as o-alkynyl ligands are very rare,'> and
ones based on o-geminal-diethynylethene ligand (gem-DEE)
were first studied in macrocyclic Pt(II) compounds by the
laboratory of Tykwinski.”> More recently, diruthenium
compounds bridged by cross-conjugated penta-1,4-diyn-3-one
and its derivatives were reported by Bruce and co-workers.”*
As the first examples of gem-DEE compounds with a redox-
active metal center, our laboratory recently reported a series of
trans-Ru,(DMBA),(gem-DEE),, where DMBA is N,N’-dime-
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thylbenzamidinate.”® Subsequently, trans-[M(cyclam)(gem-
DEE),]OTf type compounds with M as Cr(III)*° and Fe(111)*’
were prepared and investigated. In all three cases, weak
electronic couplings between ferrocenyl substituents of gem-
DEE across the metal center were inferred from voltammetric
data. In order to access the bridged gem-DEE species, our
attention has turned to the Ru,(ap),(ILII) type building
blocks, with which we have had great success in achieving linear
oligoyn-diyl bridged Ru,(ap),-C,,-Ru,(ap), compounds (n =
1-10).>'"" First alkynyl compounds containing a Ru,(ap),
unit, Ru,(ap),(C,Y), (x 1 and 2), were described by
Chakravarty and Cotton,”® and the relevant synthetic chemistry
has been explored extensively bz both the laboratories of
Kadish and Bear””*” and Ren.”' ™’ Described herein are the
preparation of two different types of Ru,-gem-DEE compounds
(Chart 1): (i) Ru,-mono-gem-DEE compounds (1 and 2),

Chart 1. New Ru,(ap),-gem-DEE Compounds

A
Y= -Si'Pr3, 1a (ap), 1b (DlMeOap)
Y= H; 2a (ap), 2b (DiMeOap)

Ru,(Xap)4(Y-gem-DEE) (Xap: ap = N,N'-anilinopyridinate (a)
and DiMeOap = 2-(3,5-dimethoxyanilino)pyridinate (b); Y =
-Si'Pry (1) and —H (2) and gem-DEE = geminal-diethynyle-
thene); and (ii) dimeric [Ru,(ap),],(p-gem-DEE) (3). The
latter compound allows for a direct assessment of the electronic
coupling between the two Ru, (ILIII) centers through the cross-
conjugated gem-DEE bridge based on voltammetry and
spectroelectrochemistry.

B RESULTS AND DISCUSSION

Synthesis of Ru,(Xap),(Y-gem-DEE) Compounds. Anal-
ogous to the preparative methods for Ru,(ap),(C,Ph)*® and
the oligoynyl-silyl derivatives Ru2(¢1p)4(C2mSlR3),zl 2% the
reaction between 1 equiv of Ru,(ap),Cl and 1.5 equiv of Li-
gem-DEE-Si'Pr; yielded compound la (Scheme 1) as a

Scheme 1. Preparation of Compounds 1a/b and 2a/b
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brownish-green solid in excellent yield (93%). Because of low
to fair solubility of la in common organic solvents,
Ru,(DiMeOap),("Pr;Si-gem-DEE) (1b) was similarly prepared
from the reaction between 1 equiv of Ru,(DiMeOap),Cl and
1.5 equiv of Li-gem-DEE-SiPr; in a yield of 77%. Both
compounds 1a and 1b can be readily desilylated using aqueous
(n-Bu),NF (TBAF) in THF overnight to yield compounds 2a
and 2b, respectively. Alternatively, compounds 2a and 2b can
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also be obtained from the reactions between Ru,(Xap),Cl and
Li-gem-DEE-H. However, several byproducts also appeared in
such reactions, which necessitated tedious column separation.

All Ru,(Xap), mono-gem-DEE compounds (1 and 2) have
room-temperature effective magnetic moments (Ueg) ranging
between 3.67 and 3.80 yp, suggesting a S = 3/2 ground state
that typifies Ru,(ap),(C=CR) type compounds.”"** Based on
the studies of other Ru,(ILIII) systems, the ground state
configuration for both compounds 1 and 2 is o°z*8*(z*6*)3
and the Ru—Ru bond order is 2.5.”***** Due to their
paramagnetic nature, compounds 1 and 2 cannot be
unambiguously characterized using 'H NMR technique.
Instead, they were characterized via electrochemical (CV and
DPV) and spectroscopic (vis—near-IR and FT-IR) analyses,
high-resolution nanoelectrospray mass spectrometry (HR-
nESI-MS), elemental analyses, and the single crystal X-ray
diffraction study of 2a.

Synthesis of [Ru,(ap),].(z-gem-DEE) (3). Similar to the
preparative method for the [Ru,(ap),),(u-C,,) type com-
pounds with short oligoyn-diyl bridge (n < 3),”'' the initial
attempt at preparation of 3 was the reaction between 2 equiv of
Ru,(ap),Cl and 1.2 equiv of Li-gem-DEE-Li. Indicative of dimer
formation, the reaction mixture turned from green to purple.
However, the isolated product was the butadiyn-diyl bridged
dimer [Ru,(ap),),(u-C;) (authenticated via nESI-MS, m/z
1809, corresponding to [M + H]*) instead of the desired
compound 3. It became clear from the failed attempt that the
bridging gem-DEE ligand was undergoing scission/rearrange-
ment chemistry in situ, as a result of the two methyl
substituents in the 1,1’-positions of the gem-DEE ligand bem%
susceptible to excess basicity because of the use of nBuLi.
However, several attempts using weaker bases including
LiN'Pr, (LDA), Na[N(SiMe;),] and KC,H, in place of n-
BuLi were unsuccessful in producing the desired compound 3.
Subsequently, a reaction between 2 equiv of Ru,(ap),Cl and 1
equiv of Li-gem-DEE-Li (generated from 1 equiv of H-gem-
DEE-H and only 2.2 equiv of n-BuLi) resulted in the desired
compound 3 as a purple-brown solid, albeit in a 7% yield after
column purification. The low yield was attributed to the
sensitivity of 3 toward both water and air, a surprise since the
[Ru,(ap),],(u-C,,) type compounds are very stable under
ambient conditions.

Two successful methods were eventually identified for
producing 3 in moderate to good yields. As shown in Scheme
2, the first preparative method is analogous to the

Scheme 2. Syntheses of Compound 3
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aforementioned successful attempt, where 1 equiv of Li-gem-
DEE-Li (generated in situ from 1 equiv of H-gem-DEE-H and
2.2 equiv of n-BuLi at —78 °C) reacted with 2 equiv of
Ru,(ap)4Cl at =78 °C. Upon crystallization from the reaction
solution with the addition of distilled hexanes, the crude
product was filtered under nitrogen atmosphere and washed
with distilled Et,O to provide compound 3 in 32% yield. Also
shown in Scheme 2 is the second preparative method, which
begins with treating 1 equiv of 1b with 1.1 equiv of n-BuLi at
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—78 °C to yield Li-1b, to which was added 0.98 equiv of
Ru,(ap),Cl at —78 °C. The reaction was stirred for 1 h at —78
°C and then was warmed to room temperature with continuous
stirring overnight. The crude product precipitated from the
reaction mixture and was collected via filtration. After thorough
hexanes/Et,O rinses, the solid collected was recrystallized from
toluene/hexanes at —30 °C under nitrogen to yield compound
3 in 50% yield as a purple-brown, powder solid.

Dimeric compound 3 is quite unstable under ambient
conditions and must be stored under N, atmosphere at room
temperature or below. It has moderate solubility in MeCN,
acetone and THF, and is very soluble in CH,Cl, (degradation
occurs after prolonged exposure) and toluene. The effective
magnetic moment of 3 per Ru,(ap), is 4.52 yig, which is higher
than the values reported for other [Ru,(Xap),],(u-C,,)
species.’' Although the paramagnetism prevents character-
ization through "H NMR spectroscopy, compound 3 was
sufficiently characterized via electrochemical (CV and DPV)
and spectroscopic (vis—near-IR and FT-IR) analyses, high-
resolution nanoelectrospray mass spectrometry (HR-nESI-MS)
and elemental analysis.

Crystal Structure of 2a. Direct confirmation of the
formation of Ru,(ap),-gem-DEE type compounds came from
the single crystal X-ray diffraction study of 2a. The molecular
structure of 2a is shown in Figure 1, along with the selected

Figure 1. Structural plot of compound 2a at 30% probability level.
Hydrogen atoms were omitted for clarity. Selected bond lengths (A)
and angles (deg): Ru2—Rul, 2.308(1); Rul—N,,, 2.102[9]; Ru2—N_,,
2.050[9]; Rul—C1, 2.07(1); C1—-C2, 1.17(2); C3—C4, 1.13(3); C5—
C6, 1.32(2); Ru2—Rul—Cl1, 179.3(3); Rul-C1-C2, 169(1); C1—
C2—-CS, 178(1); C2—C5-C3, 111(1).

bond lengths and angles. It is evident in Figure 1 that the ap
ligands adopt the so-called (4,0)-arrangement around the Ru,
core with all of the pyridine N-centers coordinating to the
Ru(1II) (Rul), and all of the anilino N-centers coordinating to
the Ru(1I) (Ru2), which is consistent with previously studied
Ru,(ap),(C=CR) type compounds.”**"**** It should be
noted that the assignment of Ru formal oxidation states is based
on the nature of the ligand environment, while a +2.5 oxidation
state is likely applicable to both Ru centers due to the strong
Ru—Ru bonding.”” It is also apparent from Figure 1 that the H-
gem-DEE ligand is approximately coplanar with the framework
defined by the N1-N2—N5—N6 linkage in 2a.

The geometric parameters around the first coordination
sphere of the Ru, core are comparable to those of other
Ru,(ap)4,(C=CR) type comI)ounds.28'3l_34 The Rul—Ru2
(2.308(1) A) bond length in 2a is within experimental error of
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that of Ru,(ap),(C=CPh) (2.319(3) A)*® and other Ru,(ap),
monoalkynyl compounds (2.316—2.330 A),*"** which is
consistent with a Ru—Ru bond order of 2.5. There is a
significant difference between the two independent Ru—N
bond lengths (N, indicates the pyridine N atoms, while N,
indicates the anilino N atoms): (i) the averaged Rul—N, bond
length is 2.102[9] A, while (ii) the averaged Ru2—N, bond
length is 2.05[9] A. The difference in the bond lengths can be
attributed to the fact that the pyridine nitrogen is not as good
of a donor as the anilino nitrogen.‘”’34 The Rul—C1 (2.07(1)
A) bond length in 2a is identical to those previously reported
for Ru,(ap),(C=CR) (2.075—2.080 A) type compounds
within experimental errors. All of the aforementioned data
indicate that the gem-DEE ligand behaves similarly to a simple
alkynyl ligand in bonding to the Ru,(ap), core.
Electrochemical Studies. The redox characteristics of
compounds 1—3 were carefully examined with both cyclic
(CV) and differential pulse volatammetry (DPV). The CV and
DPV plots of compounds 1a, 2b, and 3 are provided in Figure
2, while the potential data for compounds 1—3 are collected in

A B C
1a
A B C
! —
A2 Al Bl B2
3
Lo v by v by v b by b v b by |
1.5 1 0.5 0 -0.5 -1 -1.5 -2 =25

E/V, vs. Ag/AgCl

Figure 2. CVs (black) and DPVs (blue) of compounds 1a, 2b, and 3
recorded in 0.20 M Bu,N/THF solution.

Table 1, along with that of Ruz(ap)4(CECSiiPr3)33 for
comparison. Similar to the previously reported
Ru,(Xap),(C=CR) type compounds, compounds 1 and 2
display rich redox chemistry: a reversible one-electron oxidation
(A), a reversible one-electron reduction (B) and an irreversible
one-electron reduction (C), all of which are Ru,-based
(Scheme 3).*" Close examination revealed that there is only a
slight cathodic shift in the oxidation couple (A) and virtually no
change in the first reduction couple (B) for compounds 1 and 2
from that of Ru,(ap),(C=CSi'Pr;), indicating that the gem-
DEE ligands are slightly better donors than simple acetylides. It
is clear from Table 1 that the electrode potentials for a given
couple are identical within experimental errors between
Ru,(ap),based (a) and Ru,(DiMeoap),-based (b) com-
pounds, reflecting the equal donor strengths of ap and
DiMeoap ligands.m Since both the oxidation (A) and first
reduction (B) couples are reversible with accurately determined
E, ), corresponding to the energies required to remove and add
an electron to the HOMO and LUMO, respectively, the
electrochemical HOMO—-LUMO gap (Eg) of the solvated
species can be calculated using the following relationship: E, =
E(LUMO) — E(HOMO) = E,;,(A) — E,,(B). The electro-
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Table 1. Electrochemical Potentials (V, vs. Ag/AgCl) of Mono-gem-DEE Compounds Reported Herein with

Ru,(ap),(C,Si'Pr;)(—C,TIPS) for Comparison>’

compd E5(A) E;/(B)

-C,TIPS 0.466 -0877

la 0.440 —0.864

1b 0.438 —-0.863

2a 0.426 —0.872

2b 0.425 —0.870

3 0434 (A2) —0.925 (B1)
0.370 (A1) ~1.082 (B2)

E,(C) E, (V) E,, (V)°
-2.153° 1.343 1.660
—2.088" 1.304 1.651
—2.084° 1.301 1.644
—2.025° 1.298 1.604
—2.044" 1.295 1.598

“Quasi-reversible couple. YIrreversible couple, E, reported. E,, = 107/ (8065.5 A max(rioMO-LUMO))-

Scheme 3. Assignment of redox couples observed for
compounds 1/2 (top) and 3

- ; e
Ru MM == Ry, 1M == Ry, /M —=2= Ry, 12
C
+e”
Ru, Ry, T === Ry, TRy, T == Ry, Ry, TN
A2
+e +e
=== Ru, MRy, === Ry, MRy, 3
B1 B2

chemical HOMO—LUMO gaps as well as the optical gaps (E,,
calculated from the longest A,,,, values) are included in Table 1,
and both gaps are within a narrow range of 1.3—1.7 eV, giving
promise to these compounds as the starting point for
organometallic molecular wires based on cross-conjugated
ligands.

The voltammetric behavior of 3 is of particular interest to us,
especially when compared with those of compounds 1 and 2.
As clearly shown in Figure 2, compound 3 displays four one-
electron couples: a pair of overlapping but resolved oxidations
(Al and A2) at potentials close to that of A, and a pair of
clearly separated reductions (B1 and B2) at potentials close to
that of B, which are all Ru,-based (Scheme 3). The pairwise
feature of the le™ couples is indicative of possible electronic
coupling between the two Ru, termini across the bridging gem-
DEE, as was previously shown for [Ru,(ap),],(p-C,,)
compounds (n = 1 — 10),"""? with the potential splitting
within each pair being proportional to the Ru,—Ru, coupling
strength.”® Tt is worth mentioning that the potential splitting
between the oxidative pair (64 mV) is significantly smaller than
the splitting between the reductive pair (157 mV). Among
limited examples of cross-conjugated/linear oligoyn-diyl pairs,
[Ru]-(u-C=CC(=C(CN),)C=C)-[Ru] ([Ru] = Cp*Ru-
(dppe)) exhibits pairwise le” oxidations with a AE;,, of 200
mV, while [Ru]-(4-C,)-[Ru] has a AE,;, = 650 mV, revealing a
significant attenuation by the cross-conjugated bridge.”* The
AE,,, for the pairwise Fc oxidations in Fec-(u-C=CC(=
CBr,)C=C)-Fc is about 30 mV, and that of Fc-(u-Cg)-Fc is
about 60 mV.” Hence, it is interesting to note that the AE, s
for 3 are comparable to those for [Ru,(ap),],(u-E-DEE) (60
mV for oxidations, 220 mV for reductions; E-DEE = E-hex-3-
ene-1,5-diyne and linearly conjugated).'” Clearly, the attenu-
ation effect of gem-DEE exists in the Ru,(ap), system, albeit the
decreases in AE,,s are not as drastic as that with the
Cp*Ru(dppe) capping group.

Electronic Spectroscopy. All Ru,(Xap), mono-gem-DEE
compounds are deeply colored and display two absorptions in
the visible region in their vis—near-IR (visible—near-infrared)
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spectra, as shown in Figure 3. Compound 1la has two intense
absorptions centered at 751 and 474 nm, which are comparable

21000

Figure 3. Vis—near-IR spectra of compounds 1a, 1b, and 3 in THF
solutions.

to those of both Ruz(%p)4CI4O and other Ru,(ap),(C=CY)
type compounds.””*'~>> Compound 1b has two less intense
absorptions centered at 776 and 468 nm.’”* The low-energy
absorption can be attributed to the dipole-allowed z7(Ru—N)/
S5(Ru—Ru) to 7*5*(Ru—Ru) charge transfer transition, which
exhibits a large extinction coefficient (& ~ 6,000 M~ cm™) due
to a significant contribution of N-based 7 type orbitals to the 6*
orbital. The higher energy and more intense absorption (¢ ~
8,000 M~ cm™) is likely due to the dipole-allowed LMCT
transition from the z(N) orbital to the 7*5*(Ru—Ru), which
has a significant contribution from the 7*(C=C) of the axial
gem-DEE ligands as previously noted for other Ru,(Xap),(C=
CY) type compounds.””** It is also noteworthy that the lowest
energy transition optical energy gaps (E,,) for these new
Ru,(Xap), mono-gem-DEE compounds (ca. 1.65 eV) are larger
than their electrochemical energy gaps (ca. 1.32 V), which is
likely due to the open-shell nature of Ru,(Xap), compounds.
Dimeric compound 3 is an intense absorber in the vis—near-
IR region, and its spectrum is also shown in Figure 3, which
features intense peaks at 746 and 476 nm and shoulders at ca.
900 and 540 nm (indicated by asterisks (*)). The positions of
intense peaks correspond well with those observed for
compounds 1 and 2 and are likely originated from the same
types of electronic transitions. The appearance of the shoulders
adjacent to the intense peaks resembles the feature observed for
the [Ru,(Xap),),(u-C,,) type compounds,'""* which is
attributed to the electronic coupling between two Ru, termini
across the linear oligoyn-diyl bridge. The shoulders are much
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less discernible in 3 though, reflecting a significantly weakened
Ru, — Ru, coupling mediated by the gem-DEE bridge.
Spectroelectrochemistry. The vis—near-IR spectroelec-
trochemical reduction of the monomer compound 1a in THF is
shown in Figure 4. Upon reduction (Figure 4a), the only

07 | —
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Figure 4. Spectroelectrochemical (a) reduction and (b) oxidation of
la in THF, 0.1 M TBAH.

significant change is a loss of intensity of the low-energy band
at 751 nm consistent with this band’s assignment as a 7(Ru—
N)/6(Ru—Ru) to #*6*(Ru—Ru) charge transfer transition.
Oxidation of 1a (Figure 4b) results in a new band appearing as
a shoulder at ca. 940 nm which is likely also a charge transfer
transition, though the rises and falls of the peaks are not as
pronounced as those observed for simple alkynyl compounds.*'

Figure 5 shows the spectroelectrochemical reduction of the
dimer compound 3. For Figure Sa, the one-electron reduction
of 3 causes a general increase in intensity of the absorption
bands and also the appearance of a weak near-IR absorption at
wavelengths greater than 1000 nm. The latter might have been
considered to be a weak intervalence transition, however
addition of a second electron (Figure Sb) results in the loss of
the 742 nm band and little change in the absorption intensity at
wavelengths greater than 1000 nm. Thus, no absorption in the
near-IR, unique to the mixed-valence state 37, was observed.
Spectroelectrochemical oxidation of 3 is provided in the
Supporting Information (Figure S1), where the most significant
change upon one-electron oxidation to 3 is the growth of a
new transition centered at 1100 nm. Further oxidation to 3**
blue shifts the absorption of the 1100 nm band to 960 nm and
increases the band intensity. The spectra of 3** (Supporting
Information Figure S1b) and 3*~ (Figure 5b) closely resemble
those of the monomer complexes la* (Figure 4b) and la~
(Figure 4a), respectively, as expected.

Density Functional Theory Study. In order to gain
further insight into the nature of the electronic coupling within
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Figure S. Spectroelectrochemical (a) one-electron reduction and (b)
two-electron reduction of 3 in THF, 0.1 M TBAH.

compound 3, the molecular orbitals of model compound 3’
were computed using spin-unrestricted DFT."” The initial
geometry of 3’ was based on the X-ray structure of monomeric
compound 1b with a second Ru,(ap), unit of identical metrical
parameters replacing the terminal -H of the gem-DEE ligand.
The geometry of 3’ (Tables S1 and S2 and Figure S2 in the
Supporting Information) was optimized using the unrestricted
B3LYP functional and was found to be a stationary point by
frequency analysis. The six SOMOs of 3 are shown in Figure 6.

SOMO (-0.1646) SOMO-1 (-0.1647)

SOMO-2 (-0.1758)

SOMO-3 (-0.1929) SOMO-4 (-0.2010) SOMO-5 (-0.2057)

Figure 6. Singly occupied molecular orbitals (SOMOs) and their
energies (in hartree) of 3’. Hydrogen atoms have been omitted for

clarity.

Ru,(Xap), monoalkynyl compounds generally have three
unpaired electrons with an ground state electron configuration
of ?n*8*m*25**" Similar configurations have been shown for
oligoyn-diyl bridged species [Ruz(Xap)dz(/t—CZn).l1’13 The
SOMO and SOMO-1 are 6*(Ru,) in character and are
primarily composed of the Ru d,, orbitals, which are orthogonal
to the 7(C=C) orbitals of the bridging gem-DEE ligand. The
SOMO and SOMO-1 are nearly degenerate and can each be
considered a localized electron within the Ru,(ILIII) fragment
as a result of the weak interaction between the two Ru, centers.
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The SOMO-2 is composed of 7*(Ru,) orbitals and out-of-
plane 7(gem-DEE) orbitals, where the filled—filled type
antibonding interactions between dz(Ru) and 7(C=C) are
prominent. Though composed of 7*(Ru,) orbitals and out-of-
plane 7(gem-DEE) orbitals as well, the SOMO-4 is
distinguished from SOMO-2 with the two z(C=C) orbitals
being out-of-phase, and contains no contribution from the
n(ethene) orbital. The SOMO-3 and SOMO-S are composed
of 7*(Ru,) orbitals and in-plane z(gem-DEE) orbitals. In
particular, the two in-plane 7(C=C) orbitals in SOMO-$ are
in phase and have constructive bonding interaction even
though two acetylene bonds are not conjugated, as noted in an
earlier DFT study of the H-gem-DEE ligand.* It is conceivable
that the electronic coupling between Ru, termini is mostly
facilitated by SOMO-S, while SOMO-2/3/4 may also
contribute. In general, the compositions of the SOMOs that
span the bridging molecule are in distinctive contrast to the
SOMOs found for [Ru,(Xap),],(u-C,,), where extensive
involvement of 7(C=C) orbitals across the entire oligoyn-

diyl bridge is clear from SOMO-2 to SOMO-5.'""*

H CONCLUSION

Several Ru,(Xap),(gem-DEE) type compounds and dimeric
[Ru,(ap),4],(s-gem-DEE) have been prepared and characterized
with X-ray diffraction, voltammetric, and spectroscopic
techniques. The gem-DEE containing Ru,(Xap), compounds
bear spectroscopic and voltammetric characteristics similar to
those of Ru,(ap),(C=CY) compounds. Interestingly, the
bridged dimer [Ru,(ap),],(u-gem-DEE) displays pairwise le~
oxidations and reductions that were commonly observed for
highly conjugated [Ru,(ap),],(1-C,,) (n = 1-8). However, the
spectroelectrochemical study of 3 did not yield any discernible
IVCT band(s) for either 3"' or 37, indicating a weak
delocalization in these mixed-valent ions. DFT calculations of
3 revealed that, among six SOMOs, there is only one (SOMO-
5) with significant and contiguous dz—n(C=C) contribution
along the Ru,-p-gem-DEE-Ru, linkage, corroborating the
aforementioned weak delocalization.

B EXPERIMENTAL SECTION

General Methods. The gem-DEE ligands,** Ru,(ap),Cl’' and
Ru,(DiMeOap),CI** were prepared according to the literature
procedures. Tetrahydrofuran was freshly distilled over sodium/
benzophenone, while hexanes were freshly distilled over CaH, prior
to use. All reactions were performed under dry N, atmosphere
implementing standard Schlenk procedures unless otherwise noted.
Vis—near-IR spectra were obtained with a JASCO V-670 spectropho-
tometer in THF solutions. FT-IR spectra were measured on neat
samples with a JASCO FT/IR-6300 spectrometer. Nano-ESI-MS
(nESI) spectra were performed on a QqQ tandem mass spectrometer
in CH,Cl, (QTRAP4000; Applied Biosystems/MDS Sciex, Concord,
ON, Canada). HR-nESI-MS spectra were performed on a modified
QgTOF tandem mass spectrometer in CH,Cl, (QSTAR XL; Applied
Biosystems/MDS Sciex). Masses were calculated by isotopic
distribution utilizing Analyst 1.6 software (Applied Biosystems/MDS
Sciex). Magnetic susceptibility measurements were conducted using a
Johnson Matthey Mark-I magnetic susceptibility balance. Cyclic and
differential voltammograms were recorded in 0.2 M (n-Bu),NPF
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 Ru,-species is always 1.0 mM. The ferrocenium/
ferrocene couple was observed at 0.570 V (vs Ag/AgCl) at the noted
experimental conditions.
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General Method for the Preparation of Mono-Ru, Silyl
Capped gem-DEE Compounds (1a and 1b). A Schlenk flask (100
mL) was charged with 1 equiv of Ru,(ap),Cl (for la) or
Ru,(DiMeOap),Cl (for 1b) and freshly distilled, degassed THF. A
separate Schlenk tube (25 mL) was charged with 1.5 equiv of the
appropriate Y-gem-DEE and 5 mL of THF, to which was added 1.65
equiv (1.1 equiv of Y-gem-DEE ligand) of 2.5 M n-BuLi at —100 °C,
and the mixture was allowed to warm to room temperature in 1 h. The
in situ formed Li-gem-DEE-Y was transferred via cannula to the stirring
solution of Ru,, resulting in an instantaneous change of the color from
green to brown. The reaction was allowed to stir at room temperature
overnight. After the removal of solvents, the residue was dissolved in
EtOAc/hexanes (1:4) and filtered through a silica gel plug. Further
recrystallization from THF/MeOH at —18 °C provided desired
products.

Ru,(ap),(Pr;Si-gem-DEE) (1a). Starting from 0.39 g of Ru,(ap),Cl
(0.42 mmol), 0.44 g of 1a (0.39 mmol, 93%) was obtained as a brown
solid. Data for la: Ry = 0.66 (1:1:10 EtOAc/Et;N/hexanes). nESI-MS
(m/z, based on '"'Ru): 1139.3, corresponding to [M + H]*. HR-nESI-
MS (m/z, based on '"'Ru): 1139.311, corresponding to [M + HJ*
(C1Hg3NgSi;Ru,; caled, 1139.305). Vis—near-IR (4,,,, nm (g, M
em™)): 751 (6,600), 474 (8190). FT-IR (neat, v (cm™?)): 2143 (-C=
C—Si'Pr;) and 2035 (Ru—C=C-). Cyclic voltammogram [E,//V,
AE/V, iaopand/ffonara): A, 0440, 0.034, 0.980; B, —0.864, 0.026,
1.000; E,(C), —2.088. ptog = 3.73 pip.

Ru,(DiMeOap),('Pr;Si-gem-DEE) (1b). Starting from 0.30 g of
Ru,(DiMeOap),Cl (0.26 mmol), 0.27 g of 1b (0.20 mmol, 77%) was
isolated as a brown solid. Data for 1b: R; = 0.35 (1:1:3 THF/Et;N/
hexanes). nESI-MS (m/z, based on '*'Ru): 1380, corresponding to [M
+ H]*. HR-nESI-MS (m/z, based on '*'Ru): 1379.386, corresponding
to [M + H]" (CgH;90sNgSijRuy; caled, 1379.390). Vis—near-IR
(Ameo nm (g, M™" cm™)): 776 (4340), 468 (5320). FT-IR (neat, v
(em™)): 2141 (-C=C-Si'Pr;) and 2033 (Ru—C=C-). Cydlic
voltammogram [E, ,/V, AE,/V, iydovara/ iomard): A, 0.426, 0.032,
0.986; B, —0.872, 0.034, 1.000; E,(C), —2.025. ft ¢ = 3.67 ity

Ru,(ap)4(H-gem-DEE) (2a). Compound 1a (0.255 g 0224 mmol)
was treated with a catalytic amount of (n-Bu),NF, and the reaction
mixture was filtered through silica and recrystallized from THEF/
pentane to yield 0.187 g of 2a (85%) as a brown crystalline solid. Data
for 2a: Ry = 0.36 (1:1:10 EtOAc/Et;N/hexanes). nESI-MS (m/z,
based on ''Ru): 983.6, corresponding to [M + H]*. HR-nESI-MS
(m/z, based on ''Ru): 983.169, corresponding to [M + H]*
(Cs;Hy3NgRu,, cale. 983.171). Vis—near-IR (A, nm (g, M™*
em™)): 751 (5950), 479 (7590). FT-IR (neat, v (cm™')): 2094
(-C=C-H) and 2023 (Ru—C=C-). Cyclic voltammogram [E, ,/V,
AE,/V, iy itond): A, 0438, 0.033, 0.872; B, —0.863, 0.031,
1.000; EPC(C), —2.084. pio¢ = 3.80 pg. Elemental analysis calcd (%) for
CoHyNgRu,-(1/2)H,0 (1b-0.5H,0): C 63.02, H 446, N 11.31;
found: C 62.74, H 432, N 11.28.

Ru,(DiMeOap),(H-gem-DEE) (2b). Compound 1b (0.200 g,
0.145 mmol was treated with a catalytic amount of (n-Bu),NF, and
the reaction mixture was filtered through silica and recrystallized from
THF/pentane to yield 0.132 g of 2b (75%) as a brown microcrystal-
line solid. Data for 2b: R; = 0.19 (1:1:3 THF/Et;N/hexanes). nESI-
MS (m/z, based on '°'Ru): 1223, corresponding to [M + H]*. HR-
nESI-MS (m/z, based on '"'Ru): 1223.251, corresponding to [M +
H]* (CgoHsoOsNgRu,; caled, 1223.256). Vis—near-IR (4., nm (g,
M em™)): 777 (4030), 481 (5400). FT-IR (neat, v (cm™)): 2108
(-C=C-H) and 2027 (Ru—C=C-). Cyclic voltammogram [E,,/V,
AE,/V, iaopsnd/itonead): A, 0425, 0.031, 0913; B, ~0.870, 0.031,
0.916; E,.(C), —2.044. i g = 3.72 iy,

[Ru,(ap).l,(u-gem-DEE) (3). Method A. In a 100 mL, three-neck
round-bottom flask fitted with an addition tube containing 2 equiv of
solid Ru,(ap),Cl (0.40 g, 0.44 mmol), was added 1 equiv of gem-DEE
(0.02 mL, 0.25 mmol) and 35 mL of THF. Following three freeze—
pump—thaw cycles, 2.2 equiv of n-BuLi (0.20 mL, 0.49 mmol) was
added dropwise while allowing the flask to warm to 0 °C. The reaction
mixture was stirred for 1 h at 0 °C under N, prior to the addition of
Ru,(ap),Cl by turning the addition tube, which changed the solution
color from light yellow to brownish-purple. The reaction was stirred
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overnight, and hexanes was added at the end. The dark precipitate was
collected under argon and rinsed with copious amounts of hexanes.
The collected solid was recrystallized in toluene/hexanes at —30 °C to
yield 0.14 g of 3 (0.08 mmol, 32% based on gem-DEE) as a purplish-
brown solid.

Method B. To a 100 mL, three-neck round-bottom flask fitted with
an addition tube containing 0.98 equiv of solid Ru,(ap),Cl (0.18 g,
0.20 mmol) was added 1 equiv of Ru,(ap),(H-gem-DEE) (1b) (0.20 g,
0.20 mmol) and THF (25 mL). Following three freeze—pump—thaw
cycles, 1.1 equiv of n-BuLi (0.09 mL, 0.22 mmol) was added dropwise
at —78 °C (dry ice/acetone). The reaction was stirred for 1 h at —78
°C prior to the addition of solid Ru,(ap),Cl with the color of the
solution changing to brownish-purple. The reaction was stirred for
another hour at —78 °C and then at room temperature overnight. The
same workup as that of method A resulted in 0.190 g of 3 (50% based
on 1b).

Data for 3: R;= baseline (1:1:3 THF/Et;N/hexanes). nESI-MS (m/
z, based on 'Ru): 1861, corresponding to [M + H]*. Vis—near-IR
(Apaw nm (g, M2 ecm™)): 880 (sh), 746 (16,000), 540 (sh), 476
(20,000). Cyclic voltammogram [E,/,/V, AE,/V, iadovara/ iforward ]
E,,(A2), 0.434; E,,(Al1), 0.370; B1, —0.925, 0.029, 0.656; B2, —1.082,
0.037, 1.000. pio = 6.39 py (4.52 pp/Ru,). Elem. Anal. Calcd (%) for
CoeHysN Ru,H,O (3-H,0): C 6144, H 429, N 11.93; found: C
61.11, H 3.89, N 11.77.

Spectroelectrochemistry of 3. An OTTLE cell was used to perform
the spectroelectrochemistry at ambient temperatures.*> 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 ITO (indium—
tin oxide) coated glass for the working and counter electrodes. All of
the spectroelectrochemical transformations showed good reversibility
(greater than 95% recovery of original complex spectrum).

Computational Details. DFT computations were performed using
the unrestricted B3LYP functional*® as implemented in Gaussian 03**
H atoms were represented by the 3-21G basis set;"’ C and N were
represented by the 6-31G* basis set,"® and Ru was represented by the
LANL2DZ basis set and effective core potential (ECP).* The
structure was optimized without any geometric constraints. The initial
SCF convergence criteria was set to 1 X 1077 Eh. The wave function
was found to be stable, and frequency analysis showed the structure is
a minimum on the potential energy surface (no negative frequencies).
Following initial optimization, the structure was reoptimized using a
convergence criteria of 1 X 10~® Eh without use of integral symmetry.
The reoptimization found a structure with the same energy and
metrical parameters. Population analysis was performed to obtain the
molecular orbitals which were rendered using the MOLEKEL
visualization package.*

X-ray Structural Analysis of 2a. Single crystals of compound 2a
suitable for X-ray structural determination were grown via slow cooling
of a THF/pentane solution under N, at —18 °C; pentane is present in
single crystal. X-ray diffraction data for 2a were collected on a Rigaku
Rapid II image plate diffractometer using Cu Ka at 150 K, and the
structure was solved using the structure solution program PATTY in
DIRDIF99,”" and refined using SHELX-07.>> Crystal Data of 2a:
Cy;HNgRu,, fw = 1054.27, P1, a = 9.980(2), b = 13.587(2), ¢ =
18.825(3) A, a = 100.92(1)°, B = 93.27(1)°, y = 93.84(1)°, V =
2494.3(7) A}, Z = 2, Diyq = 1404 g cm™3, R1 = 0.082, and wR2 =
0.226.

B ASSOCIATED CONTENT

© Supporting Information

Spectroelectrochemical oxidations of 3, optimized structure of
3’, details of DFT calculations of 3’, and X-ray crystallographic
files in CIF format for the structure determination of
compound 2a. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/
acs.inorgchem.Sb01313.
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