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ABSTRACT: The paddlewheel complex Ru,(chp),Cl (1-Cl, chp = NG00
6-chloro-2-oxypyridinate), upon reduction with Zn, has been R=H 17 13
previously shown to dimerize to [Ru,(chp),], (2), blocking further /o R NB|U_OB|U\C|)\\O//\/’?\\N
chemistry at the Ru,(ILII) axial site [Inorg. Chem. 2015, 54, \/ | %0*7&1:5‘[1
857.1'—8589.]. Fu'nctionaliza.tion of the chp Iigagd at the 3 and § N __C|> 4 7n CH,CI, O@,L
positions with either bromine (dbchpH = 3,5-dibromo-6-chloro-2- Ru=Ru-Cl ———

pyridone) or trimethylsilyl (TMS) groups (dsichpH = 6-chloro-3,5- Nﬁ>(do cl
bis(trimethylsilyl)-2-pyridone) allows for the preparation of the o™ R'JZRJ\CI,CHZ
Ru,(II,I1) paddlewheel complexes Ru,(dbchp), (3) and - ng

Ru,(dsichp), (6), respectively, neither of which shows evidence of

dimerization. Though the utilization of 3 is limited due to

insolubility, complex 6 is soluble even in typically non-coordinating solvents, forming a stable x'-axial adduct in CH,Cl, (6-
CH,Cl,) and showing evidence of an axial interaction with n-decane. The first example of an axially free Ru,(ILII) complex with
a *A ground state is observed upon crystallization of 6 from benzene (6-C4Ds). Complex 6 is accessed via Zn reduction of
Ru,(dsichp),Cl (4-Cl), which along with Ru,(dsichp),N; (4-N3), show similar structural and electronic properties to their non-
TMS-substituted analogues, 1-Cl and 1-N;. Photolysis of 4-N; in frozen solution generates Ru,(dsichp),N (5); no N atom
transfer to PPh; is observed upon room temperature photolysis in fluid solution.

1. INTRODUCTION

Diruthenium paddlewheel complexes have recently been used
in several examples of catalytic or stoichiometric reactions
involving group transfer or small molecule activation.'”"* In
pursuit of new platforms for these types of reactions, we have
explored low-valent chemistry of Ru, complexes with the well-
known'""* 6-chloro-2-oxypyridinate (chp) ligand by reduction
of Ru,(chp),Cl (1-Cl) in the presence of neutral L ligands."
We found that Ru,(chp), is competitively bound by either L or
by a neighboring Ru,(chp), unit, leading to aggregation into a
tetrametallic structure 2 (Scheme 1). This dimerization
reaction precludes the binding of many important substrates
of interest,'* !¢ so we present here an approach to sterically
disfavor the dimerization of Ru,(ILII) complexes.

The proclivity of the known Ru,(ILII) paddlewheel
complexes to bind axial ligands can be divided into three
distinct categories based on their nominal electronic ground

Scheme 1. Dimerization Equilibrium for Ru,(chp), Species
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states in C, symmetry: A, hybridized *A/°E (Jahn—Teller
distorted to A” in C, symmetry), and 'A."> The 'A complexes
often eschew axial coordination but have been known to bind
m-acceptor ligands.'”'® On the other hand, the *A complexes
(e.g, Ru,(OAc),,"” Ru,(chp),) strongly favor axial coordina-
tion by any available o-donor. The single experimentally
observed example of a *A/’E hybrid, displaying a bent Ru—
Ru—P angle that allows mixing of the 6* and 7* orbitals, was
formed upon coordination of PPh, to Ru,(chp),. While a wide
variety of axially-coordinated substrates could theoretically be
available to the *A-type complexes with carboxylate or
pyridinate equatorial ligands, in practice, aggregation out-
competes axial coordination of all but the strongest o-donors.
For example, Zn reduction of Ru,(chp),Cl (1-Cl) in
tetrahydrofuran (THF) predominantly yields [Ru,(chp),],
(2, Scheme 1) alongside a small amount of the solvent adduct
Ru,(chp),(THE)."? Inhibition of this dimerization is thus a
priority to test the limits of axial coordination and small-
molecule activation chemistry by Ru,(ILII) centers.

On the basis of the structure of 2, we hypothesized that the
addition of substituents to the 3-position of the chp ligand
would prevent the chp lone pair from being able to coordinate,
while keeping the Ru, axial site available to bind L ligands
(Chart 1). Thus, we report the synthesis and characterization
of two new pyridones, dbchpH (dbchpH = 3,5-dibromo-6-
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Chart 1. Steric Inhibition of Dimerization”

M RﬁR
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“Out-of-plane ligands are omitted for clarity.

chloro-2-pyridone) and dsichpH (dsichpH = 6-chloro-3,5-
bis(trimethylsilyl)-2-pyridone), for use as equatorial ligands in
nondimerizing M, paddlewheel complexes (Chart 2). Prep-
aration and characterization of the new complexes
Ru,(dsichp),Cl (4-Cl) and Ru,(dsichp),N; (4-N;) are
described. These complexes are alkane-soluble, sterically
protected analogues to 1-CI*° and Ru,(chp),N; (1-N;)**'
respectively. The photoreactivity of 4-Nj is compared to that
of 1-Nj. We also report reduction of 4-Cl to Ru,(dsichp), (6),
which allows us to examine the coordination chemistry and
properties of Ru,(ILII) complexes that have been sterically
protected against dimerization.

Chart 2. Compounds Discussed

Ligands Diruthenium Complexes

chpH Prior Work

1-Cl: Ruy(chp)4Cl
L
N
H

1-N3: Ruy(chp)4N3

o
2: [Ruy(chp)4l2
dbchpH
Br- - Br This Work
II 3: Ruy(dbchp),
N o
H 4-CI: Ruy(dsichp),Cl
dsichpH 4-N3: Ruy(dsichp)sN3
TMS._~_-TMS
H 5: Ruy(dsichp)4N
N"So

6-CH,Cly: Rup(dsichp)s(«'-CH,Cly)
TMS = trimethylsilyl .

6-CgDg: Rus(dsichp)*CgDg

6-OH,: Ru,(dsichp)4(OH,)

6-dec: Ruy(dsichp)4*n-decane

2. EXPERIMENTAL SECTION

2.1. General. Except where otherwise noted, all syntheses, product
isolations, and characterizations were carried out under a dry N,
atmosphere using established Schlenk techniques or in a glovebox. All
solvents used in air-free conditions were dried, purified, and degassed
according to standard techniques. N-Bromosuccinimide (NBS, 10 g)
was recrystallized from water prior to use. The preparations of new
equatorial ligands, dbchpH and dsichpH are described in the
Supporting Information. Lithium diisopropylamide (LDA) was

purchased as a 1 M solution in THF/hexanes from Sigma-Aldrich
and used as provided. Chlorotrimethylsilane (TMSCI) was distilled
from CaH, and degassed prior to use. The 6-chloro-2-pyridone
(chpH) ligand was recrystallized from hexanes prior to use.
Ru,(OACc),Cl was prepared as previously described”* with important
modifications.”> Photolysis of samples of 4-N; was performed in a
Rayonet RPR-200 photochemical reactor using 350 nm mercury
vapor lamps.

Safety Note: Although we did not have any issues with the
preparation of 4-Nj, it should be noted that metal azide complexes are
potentially explosive.

2.2. Preparation of Ru, Compounds. 2.2.1. Generation of
Ru,(dbchp), (3). Starting from Ru,(OAc),Cl (150 mg, 0.317 mmol),
LiCl (140 mg, 3.29 mmol), and dbchpH (728 mg, 2.53 mmol), a
procedure similar to the synthesis of 1-Cl' was used to generate bright
red-orange solids containing Ru,(dbchp), Insolubility precluded
isolation of this compound in pure form. MALDI-TOF (m/z): 1348
(M]".

2.2.2. Preparation of Ru,(dsichp),Cl (4-Cl). Ru,(OAc),Cl (800
mg, 1.69 mmol), LiCl (744 mg, 17.6 mmol), and dsichpH (1.85 g,
6.75 mmol) were dried under a vacuum at 80 °C for 1 h in a 200 mL
Schlenk flask fitted with a Soxhlet extractor and condenser containing
anhydrous K,CO; (2 g) in a cellulose thimble. Toluene (100 mL) was
added, and the mixture was heated to reflux at 150 °C for 72 h. The
mixture was filtered and washed with cold toluene (20 mL), and the
filtrate was evaporated to dryness. An orange side-product was
removed from these solids by washing with minimal cold hexanes
(about 40 mL), leaving the desired product as a dark purple powder.
Yield: 1.05 g (46.8%). UV—vis (CH,Cl,, 4., nm (g, M™! cm™)):
963 (360), 717 (1500), 554 (7200), 453 (2100), 398 (2800).
MALDI-TOF (m/z): 1294 [M — Cl]*, 1329 [M]*. 4T (CDCl,, 297.1
K): 1.77 emu K mol™". '"H NMR (500 MHz, C;Dy): 5 (ppm) = 30.42
(br, 4H), 5.19 (br, 36H), 1.22 (br, 36H). ?’Si NMR (100 MHz,
CgDy): 6 (ppm) = —216.92. Anal. Calcd for C,,H,,N,0,ClLSigRu,: C
39.76, H 5.76, N 4.22. Found: C 39.68, H 5.69, N 4.08.

2.2.3. Preparation of Ru,(dsichp),;N; (4-N3). 4-C1 (500 mg, 0.376
mmol) and NaNj; (2.45 g, 37.6 mmol) were dissolved in MeOH/
CH,Cl, (4 mL/50 mL) in a 100 mL round-bottom flask, open to air.
This purple mixture was protected from light, sealed, and stirred for
24 h, resulting in a blue-purple supernatant over white solids. The
solvent was removed, and the solids were extracted with 100 mL
CH,Cl,. The resulting filtrate was evaporated to dryness and then
washed with MeCN (10 mL) and MeOH (100 mL), leaving the
desired product as a dark blue-purple powder. Yield: 341 mg (67.9%).
UV—vis (CH,Cl, 4,,,, nm (g, M~' em™)): 590 (7000), 531 (8300),
371 (5900). IR (ATR, cm™!): 2016 cm™ (N, stretch). MALDI-TOF
(m/z): 1294 [M — N;]*, 1308 [M — N,]*. '"H NMR (500 MHz,
Cg¢Dg): 6 (ppm) = 30.25 (br, 4H), 4.84 (br, 36H), 1.20 (br, 36H).
2Si NMR (100 MHz, C¢Dg): 6 (ppm) = —212.22. Anal. Calcd for
C4Ho6N,0,ClSigRu,: C 39.56, H 5.74, N 7.34. Found: C 39.86, H
5.79, N 6.95.

2.2.4. Preparation of Rus(dsichp),(k'-CH,Cl,) (6-CH,Cl,). 4-Cl
(200 mg, 0.151 mmol) and Zn powder (492 mg, 7.52 mmol) were
placed in a 3-neck Schlenk flask, fitted with a filter stick and receiving
flask via an elbow joint. Freshly-distilled CH,Cl, (45 mL) was added
by syringe, and the mixture was stirred for 2 days. Once orange
crystals had begun to precipitate, the dark orange-brown mixture was
filtered, and the receiving flask containing the filtrate was immediately
stored at —20 °C. After 2 weeks, the light purple supernatant was
removed by air-free filtration, leaving the desired product as orange-
brown crystals. The product was dried in vacuo for 2 h prior to being
collected. Yield: 94 mg (45%). UV—vis (CH,Cl,, A, nm (g, M™"
cm™)): 751 (210), 485 (920) 384 (3200). MALDI-TOF (m/z):
1294 [M — CH,CL]". T (CD,Cl,, 297.2 K): 1.28 emu K mol™". 'H
NMR (500 MHz, C;Dg): 6 (ppm) = 8.87 (br, 4H), 4.34 (br, 36H),
4.26 (s, 2H), 0.04 (br, 36H). ¥Si NMR (100 MHz, C¢Dy): 6 (ppm)
= 10.69, —18.36. Anal. Caled for C,sH,sN,0,ClsSigRu,: C 39.20, H
5.70, N 4.06. Found: C 38.96, H 5.58, N 4.05.

2.2.5. Generation of Ruy(dsichp),CsDs (6-C¢Dg). In a glovebox, 6-
CH,Cl, (5 mg, 0.004 mmol) and C4D¢ (2 mL) were combined in a
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Table 1. Crystallographic Data

4-Cl 4-Cl-(hexane) 45"
empirical formula Ru,(dsichp),Cl Ru,(dsichp),Cl-(C¢Hy4) 145
formula weight 1329.19 1488.62
temperature, K 100(1) 100(1)
A A 1.54178 0.71073
crystal system tetragonal monoclinic
space group P4/ncc C2/c
a A 17.3360(8) 38.492(1)
b, A 17.3360(8) 20.9916(5)
¢ A 21.794(1) 23.5526(7)
a, deg 90 90
p, deg 90 126.180(1)
7, deg 90 90
volume, A3 6549.8(7) 15361.0(7)
V4 4 8
Pealo g CM™3 1.348 1.149

R,” wR, [I > 20(D)]
R,” wR,® [all data]

0.0253, 0.0658
0.0289, 0.0684

0.0363, 0.0796
0.0589, 0.0904

4-N; 6-CH,Cl, 6-C4Dyg
Ru,(dsichp),N; Ru,(dsichp),(CH,CL,) Ru,(dsichp),-C¢Dg
1335.77 1378.67 1377.89
100(1) 100(1) 100(1)
0.71073 0.71073 0.71073
tetragonal tetragonal tetragonal
P4/n P4/n P4/n
17.038(6) 16.985(6) 17.018(4)
17.038(6) 16.985(6) 17.018(4)
11.281(5) 11.570(5) 11.560(5)

90 90 90

90 90 90

90 90 90
3275(3) 3338(3) 3348(2)
2 2 2

1.355 1.372 1.367

0.0298, 0.0701
0.0457, 0.0754

0.0340, 0.0743
0.0479, 0.0790

0.0967, 0.2535
0.1053, 0.2571

“Two diffuse components, corresponding to the total 1.85 hexane molecules per asymmetric unit, were excluded from the crystallographic
refinement. “R, = Z||Fyl — IF.||/ZIF,. “wR, = [E[w(F,2 — F2)*)/Z[w(F2)*11Y% w = 1/[6*(F?) + (aP)* + bP], where P = [max(0 or F,’) +

2(F))]/3.

vial. This mixture was heated to reflux while stirring, and then filtered,
yielding an orange solution. After 9 days in a sealed vial at room
temperature, the solution had separated into a colorless supernatant
over orange crystals, which were then analyzed by single-crystal X-ray
diffraction. Low yields and severe air sensitivity precluded further
isolation or characterization.

2.2.6. Generation of Ru,(dsichp), (6) in n-decane. In a glovebox,
4-Cl (30 mg, 0.023 mmol), KCg (3 mg, 0.02 mmol), and n-decane
(20 mL) were combined in a vial. This dark purple mixture was
stirred for 4 days and filtered. The orange filtrate was concentrated to
6 mL and then stored at —25 °C. After 1 month, several orange
crystals were observed and then analyzed by single-crystal X-ray
diffraction. Low yields and extreme air sensitivity precluded further
isolation or characterization.

2.3. Physical Measurements. NMR spectra were collected on a
400 MHz Bruker Avance III with a SmartProbe, or a 500 MHz Bruker
Avance III with a DCH cryoprobe, Prodigy probe, or BBFO probe.
Magnetic susceptibility measurements were obtained from the Evans
method.”>** Though this method is described already in the
literature, the definition of Av is unclear in the early reports leading
to persistent sign ambiguities, and we therefore include a description
of the method as used here. The equation for sample mass
susceptibility neglecting the density correction is

_ 3Av
& 4avm

(]

where y, is the mass susceptibility of the solvent (cm® g™'), m is the
mass concentration of the solute (g cm™), v is the instrument
frequency (Hz), and Av = Vpara — Vref (Vyet being the proton shift (Hz)
of (CH,),Si in the inner capillary used as a reference, and v,,,, being
the proton shift (Hz) of (CHj;),Si in the presence of the parama;petic
analyte). Applying the necessary diamagnetic corrections (yp),” the
paramagnetic susceptibility y; (in units of cm® mol™'; note 1 emu = 1
cm?) of the analyte is thus given by

= /v %7{ (solvent) — y (analyte)
P 4mM MW, it v ?

where M is the concentration of the analyte (in mol cm™) and MW
refers to the molecular weights.

Electron paramagnetic resonance (EPR) measurements were
carried out on a Bruker EleXsys ES00 EPR spectrometer, equipped
with a Super Hi-Q resonator and an ESR900 continuous flow liquid
helium cryostat. Measurement conditions were 9.3769 GHz (4-Cl),

9.3834 GHz (4-N3;), 9.3856 GHz (5), 4.000 G modulation amplitude,
4000 G center field, 8000 G sweep width, 2.00 mW power, 327.68 ms
time constant, 35 dB gain (4-Cl, 4-N,), 45 dB gain (5) at 6 K. UV—
vis measurements were carried out using freshly prepared solutions of
the metal complexes with a miniature BLUE-Wave UV/vis dip probe
with a tungsten—krypton light source, and a 10 mm path length tip.
Fourier transform infrared (FTIR) spectra were measured on a Bruker
Tensor 27 spectrometer using an ATR module (no matrix). Matrix-
assisted laser desorption/ionization (MALDI) and electrospray
ionization (ESI) mass spectrometry data were recorded at the Mass
Spectrometry Facility of the Chemistry Department Instrumentation
Center of the University of Wisconsin-Madison, using an anthracene
matrix on a Bruker Ultraflex III time-of-flight (TOF) mass
spectrometer in positive ion mode, equipped with a SmartBeam
laser, and a Shimadzu LCMS-2010A, respectively. The elemental
analyses were performed by Midwest Microlab, LLC in Indianapolis,
IN, USA. Cyclic voltammetry measurements were made using a BASi-
Epsilon potentiostat, using a scan rate of 100 mV/s, a glassy-carbon
working electrode, a Ag/AgNO; reference electrode, and a 0.1 M
[Bu,N][PF¢] supporting electrolyte, and then referenced to the Fc/
Fc* couple. Thermogravimetric analysis (TGA) was carried out on a
TA Instruments TGA Q-500 build model 203 using the TA
Instruments Universal Analysis 2000 software package.

2.4. X-ray Structure Determinations at 100 K. Suitable single
crystals of 4-Cl and 4-N; were selected under oil and air. Suitable
crystals of 6-CH,Cl, and 6-C4D4 were suspended in Krytox
fluorinated oil in a glovebox, prior to selection under a stream of
argon. The crystals were attached to the tip of a MiTeGen
MicroMount and mounted in a stream of cold nitrogen at 100(1)
K and centered in the X-ray beam using a video monitoring system.
The crystal evaluation and data collection were performed on a
Bruker Quazar APEX-II diffractometer (4-Cl'N(hexane); g, 4-N3, 6-
CH,Cl,, 6-C¢D;) with Mo Ka radiation (4 = 0.71073 A) or a Bruker
SMART APEX-II diffractometer (4-Cl) with Cu Ko (4 = 1.54178 A)
radiation. The data were collected using a routine to survey an entire
sphere of reciprocal space and were indexed by the SMART
program.”® The structures were solved via direct methods and refined
by iterative cycles of least-squares refinement on F* followed by
difference Fourier synthesis using the SHELX2013 suite of
programs.”” All hydrogen atoms were included in the final structure
factor calculation at idealized positions and were allowed to ride on
the neighboring atoms with relative isotropic displacement
coefficients. The details concerning X-ray crystallographic structure
solutions and refinement are given in Table 1. For each structure
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except 6-C¢Dg, the model was refined to a low wR, value (<0.10 for
all data in each case). The quality of the data modeled as 6-Cg¢Dg
(wR, = 0.26) was limited by extensive twinning in the best available
crystal.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of New Pyridone
Ligands, dbchpH (3), dsichpH (4), and 5-sichpH (5). We
initially reasoned that a bromine atom in the 3 position of each
chp ligand of Ru,(chp), would be sufficient to disrupt the
dimeric structure displayed by 2. Applying the generalized
pyridone dibromination methods developed by Meana et al.,**
we treated 6-chloro-2-pyridone (chpH) with N-bromosuccini-
mide (NBS, 2 equiv) in refluxing MeCN, affording
bromination of the 3 and 5 positions. Adding the hot, orange
reaction mixture to excess 1 M HCI precipitated out the
protonated product, which was collected and recrystallized
from benzene, giving 3,5-dibromo-6-chloro-2-pyridone
(dbchpH) in good yields. Dibromination was indicated by
ESI-MS, elemental analysis, and 'H NMR spectroscopy
(Figure S1), and the 3,5-regioisomer was confirmed through
"H-"*C HMBC spectroscopy (Figure S3).

Under the same reaction conditions used to synthesize 1-
CL° we attempted to substitute the acetate ligands of
Ru,(OAc),Cl by refluxing with Hdbchp and LiCl for 3 days
in toluene through a Soxhlet apparatus containing a thimble
with excess K,CO;3 (eq 1).”” Analogous to the synthesis of
Ru,(chp),Cl, we anticipated Ru,(dbchp),Cl as a purple solid.
However, Hdbchp behaved as a reducing agent, giving instead
a bright orange-red solid more consistent with formulation as
the Ru,(ILII) complex Ru,(dbchp), (3) (MALDL-TOF (m/
z): 1348 [M]"). Notably, MALDI-TOF mass spectrometry
showed no evidence of dimeric species [Ru,(dbchp),],
(MALDI-TOF (m/z, caled.): 2695 [M]*). Only a signal at
m/z = 1348 corresponding to the [Ru,(dbchp),]" ion was
observed, supporting our hypothesis that substituting the 3-
position of each equatorial ligand would inhibit dimerization
(Figure 1). This solid was collected by filtration and washed
with toluene, diethyl ether, dichloromethane, and methanol,
but the poor solubility of the desired product precluded further
purification or reaction chemistry.

chpH

db
Ru,(OAc),Cl + 4 equiv or
dsichpH

Ru, (dbchp), (3)
or

toluene, LiCl  Ru,(dsichp), Cl(4—Cl,47%yield) (1)

Soxhlet,K,CO;
——

To achieve enhanced solubility, we sought to install a
trimethylsilyl (TMS) group in the 3-position of each equatorial
ligand. Using a silylation method developed by Schlosser et
al,** we treated chpH with $ equiv of lithium diisopropylamide
(LDA) at —78 °C, and quenched overnight with excess
chlorotrimethylsilane (TMSCI), followed by 1 M HCI
(Scheme 2). We found that this method gave better
regioselectivity than comparable procedures involving n-
butyllithium, yet still generated a mixture of products. After
removal of the resulting oils by distillation, 'H NMR
spectroscopy indicated the presence of the products dsichpH,
S-sichpH, 3-sichpH, and 4-sichpH in a 57.1%/20.4%/16.2%/
6.4% ratio (Figure S4). Recrystallization from acetonitrile
removes 4-sichpH from this mixture, and the remaining
products are separated by column chromatography, giving both
dsichpH and S-sichpH in useful yields.

— 9000+
© o000 717.7 - [Ru,(chp),J*
70004
6000+ 1348.0 - [Ru,,(dbchp) J*
50004
40004
3000

2000

14335 - [Ruz(chp)d]z’

10004

J I }\1 Jl_

1000 1500 2000 2500 3000
m/z

Figure 1. MALDI-MS of 3 (blue), compared to 2 (green).

Scheme 2. Synthetic Routes to the Modified Ligands
Hdbchp and Hdsichp

Br. Br
X 2eq. NBS | N
| = _
CI” °N” TOH  CHiCN CI” 'N” "OH
Hchp Hdbchp
XS LDA\ THF
—
o >N oL 2. HC c” N7 oH
Hdsichp

The 'H NMR spectrum for each TMS substitution product
displays three signals in CD;OD. The disubstituted product is
indicated by the presence of two 9-proton trimethylsilyl
singlets (0.35 ppm, 0.27 ppm) and one 1-proton singlet in the
aryl region (7.65 ppm). 4-sichpH exhibits one 9-proton singlet
(0.29 ppm) and two 1-proton singlets (6.85 ppm, 6.69 ppm).
Both 3-sichpH and S-sichpH exhibit one 9-proton singlet (0.28
and 0.35 ppm, respectively) and two l-proton doublets
(respectively: 7.63 ppm, 6.73 ppm, J = 7.3 Hz; 7.66 ppm,
6.55 ppm, J = 8.5 Hz), but can be distinguished on the basis of
their "H—"C couplings observed through semiselective 2D
HMBC (Figure S10).

3.2. Synthesis and Characterization of Ru,(dsichp),Cl
(4-Cl) and Ru,(dsichp)sN; (4-N3). The synthesis of the
silylated Ru,(ILIII) complex 4-Cl was attempted under
conditions similar to the Soxhlet reaction used to produce 1-
Cl, but dsichpH also proved more reducing than chpH,
yielding a multicomponent mixture of purple (Ru,’") and
orange (Ru,*") products. Using only 4 equiv of dsichpH rather
than 8 minimized formation of the orange products, which
were washed out with cold hexanes, resulting in practical yields
of 4-Cl. From this product, 4-Nj is accessible throu%h a salt
metathesis under the conditions established for 1-N3,%*" with a
modified workup including a wash of the isolated blue-purple
solids with MeCN and MeOH.

Both 4-Cl and 4-Nj are air-stable, though 4-N; must be
protected from light, as photodegradation over several hours
can be observed by 'H NMR spectroscopy. The trimethylsilyl
groups of 4-Cl and 4-Nj significantly enhance their solubility
in lower-polarity solvents (e.g., toluene, alkanes) over that of 1-
Cl and 1-Nj;, while decreasing their solubility in higher-polarity
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solvents (e.g., MeCN, MeOH, DMSO). X-ray crystallographic
studies establish 4-Cl (Figure 2) and 4-N3 (Figure 3) as

Figure 2. X-ray crystal structure of 4-Cl. All atoms are drawn as 50%
thermal probability ellipsoids, and all H atoms are omitted for clarity.

Figure 3. X-ray crystal structure of 4-Nj;. All atoms are drawn as 50%
thermal probability ellipsoids, and all H atoms are omitted for clarity.

having similar structures to 1-Cl and 1-Nj, respectively. Most
of the key bond lengths in the silylated complexes differ from
their counterparts in the nonsilylated complexes by only ~0.01
A (Table 2). As an exception, the Ru—Ru bond is ~0.02 A
longer, and the Ru—Cl bond is ~0.03 A shorter in 4-Cl,
relative to 1-Cl, though these differences are not likely to have
chemical significance. Adding TMS groups to the paddlewheel

complexes results in smaller N—Ru—Ru—O,, torsion angles.
This effect is most notable in 4-N;, which exhibits an
abnormally low torsion angle of 13.46(5)°.

The electronic absorption spectrum of 4-Cl exhibits similar
features to that of 1-Cl, illustrating the ground state similarities
between these two complexes (Figure 4). These features are
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2000

0 T T T T T !
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Figure 4. Electronic absorption spectra of 1-Cl (black), 4-Cl (blue),
and 4-Nj (red) in CH,Cl,.

slightly red-shifted by 600—1200 cm™ for 4-Cl. As the large
peak near 550 nm has been previously proposed to be due to a
H(Oeq) — ¥ transition in related syst(ems,m’3l’32 the
bathochromic shift corresponds to a slight destabilization in
the supporting ligand orbitals, consistent with electron
donation from the trimethylsilyl groups. Due to its interaction
with the metal-based §,, orbital, TMS-imposed destabilization
of the Jr(Oeq) orbital may also lead to the red-shift observed for
the 6,, — J,* transition near 700 nm. The electronic
absorption spectrum of 4-Nj contains features similar to those
seen in the spectrum of 4-Cl, but with a significant blue-shift.
The Ru—Ru distances for the two complexes are effectively
identical, precluding an explanation based on the character of
the metal—metal bond.” Instead, this effect can be explained
in terms of the significantly decreased torsion angle observed
in the equatorial ligands of 4-Nj. This would allow greater
mixing between the 7(O,,) orbital and the metal-based &-
symmetry orbitals, such that both the 7(O,,)/7* and §,,/5,,*
gaps are increased.

Cyclic voltammetry on 4-Cl in CH,CI, revealed significant
differences with respect to 1-Cl (Figure 5). Though 1-Cl
possesses a reversible Ru,**/** couple at —0.525 V vs Fc/Fc*,'
the comparable event for 4-Cl is irreversible, showing a large
cathodic wave at —0.87 V and a smaller anodic wave at —0.37

Table 2. Selected Interatomic Distances (A) and Angles (deg) for the X-ray Crystal Structures Containing 1, 4, and 6 at 100

Ka,b

compound Ru—Ru Ru—L,,
1-Cl Ruy(chp),Cl-CH,Cl, 2.281(1) 2.443(2)
4-Cl Ru,(dsichp),Cl 2.2999(4) 2.419(1)
4-Cl Ru,(dsichp),Cl-(hexane), g 2.2950(2) 2.4082(5)
1-N; Ruy(chp),N; 2.2907(2) 2.116(2)
4-N; Ru,(dsichp),N, 2.300(1) 2.105(3)
2-ZnCl, [Ru,(chp),],(ZnCl,) 2.244[2] 2.224[4]
6-CH,Cl, Ru,(dsichp),(CH,CL,) 2241(2) 2.796(6)
6-C¢Dg Ru,(dsichp),-C¢Dy 2227(2) 3.05(2)°

Ru—0O,y
2.002[4]
1.989(2)
1.9916(8]
1.9986(7]
1.986(2)
2.033[4]
2.015(3)
2.027(6)

Ru—Nq Ru—Ru-L,, N—Ru—Ru—0,y ref
2.085[4] 180 18.8(n.d.) 18
2.095(2) 180 16.66(6) this work
2.0938[9] 179.21(2) 17.02[3] this work
2.0933(8] 176.34(5) 17.4[2] 1
2.100(2) 180 13.46(5) this work
2.110[2] 168.55(8] 22.1[2] 11
2.118(8) 169.1(2) 16.1(2) this work
2.113(7) 158.2(4)° 15.0(3) this work

“Parentheses denote esds; brackets indicate averaged values. YThe labels “ax” and “eq” refer to atoms axially or equatorially coordinated to Ru,,

respectively. “L,, corresponds to the nearest C¢Dy4 carbon.
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Figure S. Cyclic voltammogram of 1 mM 4-Cl (black) and 4-CI + 2

mM [Bu,N]CI (red) in CH,Cl,, both with 0.1 M [Bu,N][PF], at a
scan rate of 100 mV/s.

V. The more negative value of —0.87 V for the Ru,**/**
reduction is expected, given the previously discussed
destabilization of the J,, and 6,,* orbitals in 4-Cl. Repeating
the experiment in the presence of 2 equiv of [Bu,N]Cl nearly
eliminates the wave at —0.37 V, suggesting that this event
corresponds to oxidation of the species in which the axial
chloride has been displaced by the CH,Cl, solvent. Meanwhile,
a new irreversible oxidation event appears at 0.70 V. 4-Cl also
exhibits a reversible wave at E,, = 0.83 V, which corresponds
to the Ru,”/* couple. This couple is not observed for 1-Cl,
suggesting that the more electron-rich silylated ligands stabilize
the Ru,(IILIII) oxidation state.

4-Cl and 4-N; were found to be magnetically similar to 1-Cl
and 1-N3’6’20 each having three unpaired electrons. For 4-Cl,
the Evans method provides a T value of 1.77 emu K mol™" at
297 K, consistent with an S = 3/2 magnetic ground state
(Figure S12). Indeed, 4-Cl (Figure S28) and 4-N; (Figure
$29) give EPR signals with effective g values of g;,g; = 4.305,
1.955 and g; = 4435, g, = 4.165, g3 = 1.95, respectively, that
are characteristic of S = 3/2 spin systems, with D > hv.
Modeling the spectra with the appropriate spin Hamiltonian
model yields axial electronic g values of g),g; = 2.150, 1.955
and g,,g = 2.150, 1.95 for 4-Cl and 4-Nj, respectively. The
most notable distinction between these two species is in the E/
D value, which is 0 for 4-Cl and 0.02 for 4-N3, consistent with
a lack of rigorous C, symmetry in the latter compound. 4-Nj is
slightly more axial than 1-N; (effective g values® g1=438, 9=
3.975, g3 = 1.95), consistent with greater covalency between
Ru and the TMS-substituted equatorial ligands.>*

The 4-X type species give 'H NMR signals that are
significantly paramagnetically shifted (Figure 6). Whereas one
set of TMS groups appears at nearly the same chemical shift
regardless of whether Cl or Nj is the axial ligand (1.22 ppm vs
1.20 ppm), the other set of TMS groups (5.19 ppm vs 4.84
ppm) and the 4-position hydrogen atom (30.42 ppm vs 30.25
ppm) give signals that are far more paramagnetically shifted,
with greater distinctions in shift depending on the axial ligand.
These effects are consistent with the idea that 4-Cl and 4-Nj
have the same unpaired electron configuration as 1-Cl,
(6*%)'(7*)* because the singly occupied &% orbital mixes
with the 7(O,,) orbital, which would put some spin density in
the aromatic ring, closer to one TMS group than the other.
Hence, the stronger paramagnetic shift is likely experienced by
the 3-position TMS group in each case, and the chemical shift
distinctions between 4-Cl and 4-N; may be based on the same
&% orbital perturbations observed spectroscopically (see
above). Using 'H—*’Si HMBC, the *Si shifts were obtained
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Figure 6. Overlay of the 'H NMR spectra of 4-Cl (red) and 4-N,
(blue). Peak shifts and integrations are displayed for the spectrum of
4-CL

for the S-position TMS group of 4-Cl and 4-N; (—216.9 ppm
vs —212.2 ppm), but the downfield TMS crosspeak could not
be located.

3.3. Generation of Ru,(dsichp);N (5) from
Ru,(dsichp),N; (4-N;). Of interest is whether 4-N; exhibits
the same capacity for N—N cleavage into Ru,=N and N,
fragments that has been previously observed in similar
systems.”>*~"7 Relative to the comparable values in 1-Nj,
the azide group of 4-Nj is coordinated with a ~6° higher Ru—
N-N bond angle and exhibits bond lengths indicative of
slightly more triple-bond character on the proximal, rather than
terminal N—N bond (Table 3). These features might suggest
deactivation of 4-N; toward N—N cleavage, but the opposite is
suggested by the slightly shorter Ru—N bond, an effect that has
been suggested to lower the activation barrier to generate M=
N and N, fragments.38 Yet, in the current case, deactivation of
the azide group in 4-Nj is suggested by thermogravimetric
analysis (Figure 7), which shows negligible mass loss for this
compound in the 100—150 °C range, where 1-N; experiences
its first thermolytic degradation event.’ For 4-Nj, a thermolytic
degradation event that may correspond to the loss of N, (2.1%
mass) occurs in the 202—207 °C range, but this is only after
another degradation event (possibly loss of a TMS group, 5.5%
mass) has occurred below 190 °C. Hence, thermolytic
conversion of 4-N; to § cannot be achieved cleanly.

Comparable to 1-N3,° photolytic conversion of 4-Nj to § is
demonstrated by MALDI-TOF mass spectrometry, in which
the ion [M — N,]* (m/z = 1308) is observed with an intensity
dependent on laser power. Treating a frozen CH,Cl, solution
of 4-Nj at 77 K for 8 h with 350 nm light converts the purple
complex with a § = 3/2 EPR signal into a light blue S = 1/2
species (Figure S30). The g values for this species (g, = 2.40, g,
= 236, g3 = 1.725) are comparable to those observed for
Ru,(chp),N (g, = 2.35, g, = 2.155, g3 = 1.97), suggesting that
this is likely species S, formed upon photolytic elimination of
N,. The EPR signal for § is significantly more axial than that of
Ru,(chp),N, further supporting the idea of greater metal-
equatorial-ligand covalency in the silylated system, but also
suggesting a much less covalency with the axial nitride.”*
Hence, we suspect the nitride of § to be likely more ionic in
character and thus less electrophilic than the nitrides
previously described in Ru, systems.”*”*

DOI: 10.1021/acs.inorgchem.8b01553
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01553/suppl_file/ic8b01553_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01553/suppl_file/ic8b01553_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01553/suppl_file/ic8b01553_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01553/suppl_file/ic8b01553_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01553/suppl_file/ic8b01553_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b01553

Inorganic Chemistry

Table 3. Comparison of Bond Lengths (A) and Angles (deg) of the Azide Groups of 1-N; and 4-N; at 100 K

RuNN-N Ru—N-NN ref
1.156(3) 123.5(2) 1
1.21(2) 129.2(4) this work

compound Ru—NNN RuN—-NN
1-N; Ru,(chp),N; 2.116(2) 1.197(3)
4-N; Ru,(dsichp),N; 2.105(3) 1.099(8)
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Figure 7. Thermogravimetric analysis of 4-Nj, showing the % mass
loss as temperature is increased, as well as the derivative of the mass
with respect to temperature.

Recently, we investigated room temperature photolysis of 1-
N, in CH,Cl, in the presence of PPh; and an internal standard
(PPNCI = bis(triphenylphosphane)iminium chloride), which
produced an N atom transfer reaction that results in formation
of [H,NPPh;]Cl after an HCI workup.® However, attempts to
photolyze 4-N; under the same conditions show no evidence
by 3'P NMR spectroscopy of any reaction with PPh,. In the
absence of PPhs, no direct evidence of the formation of § is
observed during a 4 h photolysis of 4-N; at room temperature.
Instead, this procedure gives the characteristic 'H NMR
spectrum of reduced Ru,(dsichp), (6) alongside unidentified
side products (that are independent of solvent choice),
indicating a net photoreduction of 4-N; (Figure S17; vide
infra for data on 6). Several potential explanations arise for the
mechanistic difference between the photoreactivity of 1-N; and
4-N;. The differing character of the Ru=N bond in 5§ may
mean that this nitride is not electrophilic enough to accept the
phosphine lone pair and form a P—N bond. Alternatively, the
additional steric bulk of § may prevent bulky PPh; from
approaching at the appropriate angle for a reaction. In either of
these cases, 5 may still be reactive enough to be reductively
quenched by other means (e.g., reaction with the equatorial
ligand TMS or Cl groups of other complexes). However,
another possibility is that the actual photolysis mechanism for
4-N; changes between 77 K and room temperature, bypassing
S in the latter case. Instead of expelling N,, 4-N; may instead
be directly photoreduced at room temperature, generating 6
and N;° via homolysis of the axial Ru—N bond, as has been
previously observed for high-spin ferric azido complexes.*” The
existing spectroscopic data do not currently allow us to
conclusively distinguish between these two possibilities.

3.4. Synthesis and Characterization of
Ru,(dsichp),(x'-CH,Cl,) (6-CH,Cl,). Whereas the Zn reduc-
tion of 1-Cl in CH,Cl, generates the dimer 2-ZnCl, (Table
2)," the reduction of 4—Cl using the same conditions yields
the orange-brown solvent adduct, 6-CH,Cl,, which crystallizes
upon cooling. This complex is extremely air-sensitive, rapidly
turning reddish-purple upon exposure to even trace amounts of

0,. Though CH,Cl, is expected to be a very weakly
coordinating ligand, the strong Lewis acidity of Ru,(dsichp),
is illustrated by the fact that 6-CH,Cl, surprisingly retains its
solvent ligand in vacuo, even upon heating at 50 °C for 24 h,
though heating to 100 °C causes decomposition indicated by a
color change to dark red.

The thermal stability of this CH,Cl, adduct is remarkable in
that the Ru—CICH,CI distance (2.796(6) A) observed in the
X-ray crystal structure of 6-CH,CI, is not particularly short
relative to what has been observed in the few known
Ru(CH,Cl,) structures (Figure 8)."'~** The closest analogue

Figure 8. X-ray crystal structure of 6-CH,Cl,. All atoms are drawn as
50% thermal probability ellipsoids, and all H atoms and minor
disordered components are omitted for clarity.

to 6-CH,Cl, is the Ru,(ILIII) structure reported by Patmore
et. al,** Ru,(0,CAr),Cl(x'-CH,Cl,), which possesses a
comparable Ru—CICH,Cl distance (2.806(2) A), but loses
its CH,Cl, ligand in vacuo. The unusual stability of 6-CH,CI,
may occur because the pocket that is formed when lining up
two Ru,(dsichp), complexes axially in the crystal structure is
an optimal size to encapsulate CH,Cl, (Figure 9). The other
bond lengths in 6-CH,CI, are fairly tygical in comparison to
the known Ru,(chp),(L) complexes.1 This is not entirely
expected, because the hypothetical complex
Ru,(chp),(CH,Cl,) was predicted by DFT to have a *A/°E
hybrid ground state, caused by m-backbonding into the Cl—
CH,CI o* orbital. A key feature of this >A/°E hybrid model is
an elongated Ru—Ru bond (predicted at 2.288 A, see Table 4),
but the observed Ru—Ru bond length in 6-CH,Cl, (2.241 A)
matches what is expected for a A complex with a weakly
binding axial ligand. Because of the steric constraints imposed
by the TMS groups around the axial site of Ru,(dsichp),, the
CH,Cl, ligand of 6-CH,Cl, adopts a Ru—Cl-C angle of
114.2(9) °, which is well above the 95° in the DFT-predicted
structure for the less bulky Ru,(chp), complex. The steric
constraint on this angle likely prevents the backbonding into
the Cl—C antibond necessary for the *A/°E state to form.
The electronic absorption spectrum of 6-CH,Cl, (Figure
$33) is most closely comparable to the previously reported
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Figure 9. Orientation of two units of 6-CH,Cl, in the X-ray crystal
structure, including all disordered components of the trapped CH,Cl,
molecule and surrounding ligands.

series of A Ru,(ILII) adducts of the form Ru,(chp),L."> As
seen in that series, a strong (~3200 M ecm™) absorption
band peaking above 25000 cm™ (400 nm) extends into the
visible range, with a shoulder to this larger band appearing at
485 nm (20600 cm™'), giving 6-CH,Cl, its orange-brown
appearance. The band at 751 nm (13 300 cm™") is comparable
in intensity (210 M~ cm™) to a feature in the Ru,(chp),L
series that was found to range from 15400 cm™ to 17 700
cm™!, and appears to increase in energy with the increasing o-
donor capacity of the axial ligand. The significantly lower
energy of this band for 6-CH,Cl, seems to underscore the
weak coordination of CH,Cl,. Curiously, no band correspond-
ing to the characteristic §,, — 7* transition of Ru,(ILII) is
seen above 10 000 cm ™" in the spectrum of 6-CH,Cl,. This is
likely due to a red-shift from the added TMS groups
destabilizing the &, orbital in the same manner described for
4-Cl (see above).

A yT value of 1.28 emu K mol™ at 297 K was measured for
6-CH,Cl, by the Evans method (Figure S18), indicating an S
= 1 system with g = 2.26. This value is within the range of what
was observed for Ru,(chp), with various axial ligands.13 By 'H
NMR spectroscopy, 6-CH,Cl, exhibits dissociation of CH,Cl,
in a C¢Dj solution (Figure S19). The "H NMR signals of 6 are
paramagnetically shifted, but with a different pattern than
observed for the 4-X species. The proton resonances from one
set of TMS groups shift upfield (0.04 ppm), while the proton
resonances from the other set of TMS groups shift downfield
(4.34 ppm). The aromatic protons (8.87 ppm) in 6 experience
far less of a paramagnetic shift than in 4-X, because the J*
orbital of 6 is fully occupied, preventing the mixing of spin

density into the equatorial ligand orbitals that is observed for
4-X. This allows the *Si resonances for both the upfield
(—18.36 ppm) and downfield (10.69 ppm) sets of TMS groups
in 6 to be located by 'H—**Si HMBC spectroscopy (Figure
$20).

3.5. Generation of Ru,(dsichp), (6) in Non-Coordinat-
ing Solvents. Heating 6-CH,Cl, in C4D¢ generates an orange
solution that, after cooling, yields orange plate-like crystals over
several days. These crystals contain 6 with a molecule of C4Dy
occupying the axial pocket, having replaced the coordinated
CH,Cl, molecule (Figure 10). Each of the C4Dg4 carbon atoms

Figure 10. X-ray crystal structure of 6-C¢Dg. All atoms are drawn as
50% thermal probability ellipsoids, and all H atoms, D atoms, and
minor disordered components are omitted for clarity.

is at least 3 A from the Ru, axial site, precluding a bonding
interaction with the benzene 7 system. Hence, 6-C4Dg
represents an example of a Ru, complex without a true axial
ligand. In accordance with the structural trans effect,’® this
axially free structure exhibits the shortest Ru—Ru bond length
(2.227(2) A) ever observed in a Ru,(ILII) species.

The reduction of 4-Cl with Zn powder does not progress in
alkane solvents (n-hexane, isooctane, n-decane) or toluene.
However, using 1 equiv of KCq as the reductant generates
orange solutions in each of these solvents within 4 days.*’
Though the purple Ru,(ILIII) starting material is not fully
consumed in any of these reactions, it is poorly soluble in n-
decane, allowing convenient isolation of the highly air-sensitive
orange solution containing Ru,(dsichp), (6) by filtration.
Surprisingly, concentrating this solution by evaporation yields
a viscous, dark orange-brown oil, without precipitating any
solids, even upon cooling. However, prolonged exposure of an
n-decane solution containing 6 to a glovebox atmosphere
slowly precipitates 6-OH, as red-orange crystals.*® In this
structure, adduct 6-OH, (Figure S26) cocrystallizes with an
inverted component that interacts with n-decane (6-dec,

Table 4. Comparison of Bond Lengths (A) and Angles (deg) in the DFT-Predicted Structure of Ru,(chp),(CH,ClL,)? and the

X-ray Crystal Structure of 6-CH,CI, at 100 K

compound Ru—Ru Ru-L,,

Ru,(chp),(CH,CL,) (DFT) 2.288 2.742
6-CH,Cl, Ru,(dsichp),(CH,Cl,) 2.241(2) 2.796(6)

“Previously reported.""

Ru—0O,y Ru—N,q Ru—Ru-L,, N—Ru—Ru—0,,
2.025 2.111 176.9 18.6
2.015(3) 2.118(8) 169.1(2) 16.1(2)
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Figure $27),"” consistent with the relatively high solubility of 6
in alkanes. With a Ru-+-H distance of approximately 2.8 A, and
a Ru---H—C angle >100°, this interaction consists of, at most, a
weak Ru-H—C hydrogen bond.”® These results demonstrate
the limit of the types of ligands that can interact with the Ru,
axial site. To our knowledge, Ru,(ILII) complexes with a *A
ground state have never previously been characterized devoid
of axial ligands. The data presented here highlight the extremes
that must be reached to characterize such a species.

4. SUMMARY AND CONCLUDING REMARKS

Two new oxypyridinate paddlewheel ligand systems have been
developed for metal—metal bonded complexes, using steric
protection to inhibit oligomerization, and thus test the limits of
coordination chemistry available to Ru,(ILII). While the 3,5-
dibrominated ligand dbchp generates a nondimerizing Ru,
complex with universally poor solubility, the 3,5-disilylated
ligand dsichp generates Ru, complexes with enhanced
solubility in nonpolar solvents, including alkanes.
Ru,(dsichp),Cl, Ru,(dsichp),N;, and Ru,(dsichp),(L) were
characterized and shown to have comparable electronic
structures and magnetic properties to Ru,(chp),Cl,
Ru,(chp),N;, and Ru,(chp),(L) respectively. Spectroscopic
and magnetic evidence establish that TMS-substitution in the 3
and S positions increases the metal—ligand covalency. As with
Ru,(chp),N;, photolysis of Ru,(dsichp),N; in frozen solution
shows the spectroscopic signatures of a terminal nitrido
species, though room temperature photolysis does not
evidence N atom transfer to PPh;. The steric protection
afforded to Ru,(dsichp), by the dsichp ligands prevents the
type of dimerization seen for Ru,(chp),, keeping the Ru,(IL1II)
axial site accessible even in weakly coordinating conditions.
CH,ClI, forms a thermostable adduct at the highly Lewis acidic
axial site of Ru,(dsichp),, though this ligand is easily displaced
in solution, potentially allowing Ru,(dsichp),(CH,Cl,) to be
used as a versatile starting material for exploring further
reactivity of axially-free Ru,(ILII) species with small molecules.
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