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ABSTRACT: Chelating ligands incorporating both N-[1-
alkylpyridin-4(1H)-ylideneJamide (PYA) and N-heterocyclic
carbene (NHC) donor sites were prepared and used for the
synthesis of ruthenium(II) complexes. Cyclic voltammetry,
NMR, and UV—vis spectroscopy of the complexes indicate a
solvent-dependent contribution of the limiting resonance
structures associated with the ligand in solution. The neutral
pyridylidene imine structure is more pronounced in apolar
solvents (CH,Cl,), while the mesoionic pyridinium amide
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form is predominant in polar solvents (MeOH, DMSO). The distinct electronic properties of these hybrid PYA-NHC ligands in
different solvents have a direct influence on the catalytic activity of the ruthenium center, e.g., in the dehydrogenation of benzyl
alcohol to benzaldehyde. The activity in different solvents qualitatively correlates with the solvent permittivity.

B INTRODUCTION

The development of powerful donor ligands plays a central role
in the advancement of homogeneous catalysis and in
coordination and organometallic chemistry in general." Flexible
ligands, specifically ligands which exhibit varying degrees of
electron donor ability, are of interest for catalytic applications,
as they may stabilize different intermediates of the catalytic
cycle. In addition, a flexible structure may allow for tuning of
electronic parameters about the metal center. Recent advances
in these directions include the introduction of remote anionic
functionalities as well as cationic ammonium and imminium
units that are conjugated with the ligand donor site binding to
the metal center, for example complexes I-IV (Figure 1).
1H-pyridinylidene amines (PYEs) such as the pyridin-4-
ylidene amine IV are a particularly attractive subclass of such
donor-flexible ligands because their steric and electronic
properties are easily modified through facile incorporation of
different groups at the pyridyl and amine nitrogen atoms.> One
related class of ligands involves the incorporation of an acyl
substituent at the amine nitrogen, which yields so-called
pyridinylidene-amides (PYAs; Scheme 1).*° The introduction
of a carbonyl group adjacent to the donor nitrogen principally
enhances the charge-conjugated system and also enhances the
coordinative flexibility of the ligand through the availability of
resonance forms involving an anionic oxygen unit (Scheme 1).
PYEs and PYAs share some common properties with those of
NHCs; specifically they were demonstrated to be strong o
donors and have a net overall neutral charge However, DFT
studies predict that the nitrogen—metal bond is much more
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Figure 1. Selected examples of complexes with limiting resonance
structures that feature either a formally neutral or a formally anionic
donor site.

polarized than the carbon—metal bond in NHC complexes and
hence 1s more susceptible to nucleophilic and electrophilic
attack.® This reactivity may explain, at least in some part, the
scarce application of PYAs as ligands to transition metals up to
now. The first and thus far only complexes involve palladium
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Scheme 1. Potential Limiting Resonance Structures of
Pyridinylidene Amides (PYAs)
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and rhodium as the metal center,’ and the palladium complexes
show promising activity in Suzuki cross coupling reactions.

On the basis of the similar donor properties of PYAs and
NHCs, the preparation of complexes that incorporate both
ligand classes may be of interest. In contrast to PYAs, NHCs
have been extensively studied in catalytic applications.” They
are of benefit in catalysis as they often bind tightly to metal
centers and thus prevent metal dissociation and catalyst
degradation.® In addition, a PYA—NHC hybrid system affords
a neutral bidentate ligand that has two dissimilar strong o
donors, comprised of a relatively soft carbon donor from the
NHC site with significant covalent bonding preference, while
the other is a harder nitrogen donor that favors ionic
interactions. Such different properties may indeed be beneficial
for catalytic applications.

Density Functional Theory (DFT) calculations and single-
crystal X-ray analysis have been used previously to determine
the most predominant resonance stucture contributions of PYE
and PYA complexes in the solid state.”>® However, to the best
of our knowledge the structure that these complexes adopt in
solution has never been fully explored. Herein we describe a set
of ruthenium complexes where the predominant resonance
structure of the ligand can be controlled by the nature of the
solvent, thus leading to a responsive ligand system with
potential for catalytic applications.

B RESULTS AND DISCUSSION

Synthesis. The NHC-PYA ligand precursor was prepared
by reacting 4-aminopyridine with bromoacetyl bromide in the
presence of a base to form 2-bromo-N-(4-pyridyl) acetamide
(1) as reported previously (Scheme 2).""'> Acylation was also
successfully performed with chloroacetyl chloride;"> however
subsequent steps were less clean and much lower yielding than
when using the bromo analogue. Substitution of the bromide
with an N-alkylated imidazole in CH;CN yielded the
corresponding imidazolium salt intermediates which were not
purified."* A 'H NMR spectroscopic analysis of the crude
imidazolium salts showed the expected large downfield shift of
the NCHN proton from ca. 7.7 ppm in the imidazole to 8.91
and 9.12 ppm in the azolium salts containing a Me and iPr
wingtip group, respectively. The bridging CH, singlet also
shifted considerably from 4.02 ppm in 1 to 4.2 ppm upon
imidazolium salt formation.

The imidazolium salts were treated directly with iodo-
methane in DMSO to give the mixed anion salt. The NCHN
proton undergoes a marginal downfield shift to 9.00 and 9.18
ppm in a and b, respectively. The mixed anion salt was then
passed through an ion exchange column to exchange the mixed
anions to chlorides. This alteration also prevents mixed anions
in the subsequently formed complex. Formation of the
products 2a and 2b was confirmed in the 'H NMR spectra
by the substantial shift of the pyridine ring doublets upon
alkylation. For example, the a protons are observed at 8.42
ppm in the monocationic salt and are shifted downfield to 8.75
ppm in 2a and 8.77 ppm in 2b upon pyridine alkylation. The
second doublet moves from 7.65 to 8.03 ppm in 2a and 8.01
ppm in 2b. The bridging CH, singlet is also significantly
deshielded and moves from 4.2 to 5.3 ppm upon methylation.
A slight shift of the NCHN proton lower field to 9.08 ppm in
2a and 9.26 ppm in 2b was noted in the "H NMR spectra. The
carbonyl group displayed a characteristic absorption at v = 1794
cm ™" and v = 1795 cm™! for 2a and 2b, respectively, in the IR
spectra.

The pyridinylidene—amide ruthenium complexes 3a and 3b
were prepared in 50% and 37% yield, respectively, via
transmetalation of the corresponding silver intermediate by
reacting the salts 2a or 2b in a one-pot synthesis with Ag,O and
[RuCl,(p-cymene)], in CH;CN. One equivalent of Ag,O was
added to both coordinate the carbene and also deprotonate the
NH. When only half an equivalent of Ag,O was added, no
carbene complexation was observed and the acidic proton at
about 9 ppm was still visible in the "H NMR spectra. Therefore,
the silver oxide deprotonates the amide before deprotonating
the imidazolium salt, which is not surprising as the amide'® has
a pK, of about 15 compared to about 20 for the imidazolium
entity.'® For solubility purposes, the noncoordinating anion was
exchanged for [BPh,]”. Complexes 3a and 3b were highly air
and water stable and anhydrous, or inert conditions were not
necessary for the synthesis and purification. The complexes are
racemic; however no attempts were made to resolve
enantiomers.

NMR, mass spectrometry, and elemental analysis confirmed
the formation of the complexes. The most diagnostic feature in
the 'H NMR spectra was the loss of the acidic proton in the C2
position of the imidazolium salts, suggesting carbene
coordination. In addition, the methyl groups of the isopropyl
wingtip in complex 3b are diastereotopic and appear as two
doublets at 1.09 and 0.94 ppm as compared with one single
doublet at 1.5 ppm in 2b. Similarly, the methyl wingtip in 2a
also shifted upfield from 3.94 to 3.84 ppm upon complexation.
Bidentate ligand coordination was indicated by the emergence
of an AB doublet between 4 and 5 ppm for the bridging CH,
group (*Juy = 13.4 Hz), suggesting a pseudo axial/equatorial
arrangement of these two diastereotopic protons. This split,

Scheme 2. Synthesis of NHC Complexes 3a and 3b
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Scheme 3. Limiting Resonance Structures A, B, and C of Complex 3
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along with the disappearance of the NH proton at about 11
ppm suggests that the amide nitrogen is also coordinated to the
ruthenium metal center and forms a chelate. The N-bound CHj
of the pyridine has a significant shift upfield from 4.19 and 4.20
ppm in 2a and 2b to 4.04 and 4.01 ppm in 3a and 3b,
respectively. The carbene carbon appears at 172.4 ppm in
complex 3a and at 171.4 ppm in complex 3b in the *C NMR
spectra, which is in good agreement with related carbene
ruthenium complexes.'” The carbonyl carbon is only
moderately affected by the amide coordination and is slightly
deshielded from 167 ppm in 2 to 173.3 and 173.9 ppm in 3a
and 3b respectively.

Interestingly, when the 'H NMR analyses were run in
CD,Cl, rather than DMSO, significant differences were
observed for the shifts of the two pyridine doublets while
most other frequencies remained essentially unaffected. For
example, in 2a the two doublets appear at 8.06 and 8.25 ppm
(A& = 0.19 ppm), whereas in DMSO, the difference is larger
(6y 8.02 and 8.35 ppm (AS = 0.33 ppm). The 'H NMR
spectrum measured in MeOD revealed a similar difference to
that recorded in DMSO. The larger shielding difference in
DMSO and MeOH compared to the resonance frequencies in
CD,Cl, suggests a predominance of resonance structure B in
polar solvents (Scheme 3). In such a structure, the a protons
are in close vicinity of the positively charged nitrogen atom and
hence relatively deshielded. In CD,Cl,, on the other hand, both
doublets are in magnetically more similar environments, which
suggests an increased relevance of resonance structure A. Very
similar spectral changes were noted in a related metal-free
system of PYE-type pyridoneimines upon variation of the
polarity of solvents.'® In the absence of nitrogen coordination
to the metal center, the predominance of the neutral resonance
structure A was supported in those studies by the asymmetry of
the heterocyclic protons due to the exocyclic C=N double
bond and consequentially a hindered rotation about this bond.

The formation of 3b was unambiguously confirmed by single
crystal X-ray diffraction analysis. Suitable crystals of this
complex were obtained by diffusion of Et,O into a CHCI,
solution of 3b. The molecular structure features the classical
three-legged piano-stool geometry with the ruthenium center in
a pseudotetrahedral geometry (Figure 2). The Ru—C1 bond
length is 2.036(2) A (Table 1) which is typical of these
ruthenium piano-stool complexes.'® In the pyridyl heterocycle,
C9—C10 (1.419(3) A) and C9-C13 (1.408(3) A) are
significantly longer than C11-C10 (1.365(3) A) and Cl2—
C13 (1.370(3) A), indicating predominance of the neutral
resonance structure A in the solid state with less contribution
from a delocalized aromatic system B or C (Scheme 3).”° The
angle of the pyridine centroid—N4—C14 is 179°, and the sum
of the angles around the pyridine nitrogen (N4) is 359.99(20)°,
as may be expected for a sp>-hybridized nitrogen center.”!
These conclusions are in agreement with previous studies on
related PYE compounds by Douthwaite and co-workers,>
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Figure 2. ORTEP representation of complex 3b (50% probability
level). Hydrogen atoms, cocrystallized CHCl; molecule, and the
noncoordinated BPh,~ anion was omitted for clarity.

Table 1. Selected Bond Lengths (A) and Angles (deg) in
Complex 3b

Rul-Cl 2.036(2) Cl1-Rul-N3 83.30(8)
Rul-N3 2.168(17) Cl-Rul-Cll 85.80(7)
Ru—Cl1 2.4028(5) N3—Rul-Cl1 87.70(5)
C9-C13 1.408(3) C13-C9-C10 114.9(2)
C9-C10 1.419(3) CI2—-N4-Cl11 119.01(19)
C13-Cl12 1.370(3) C14-N4—Cl11 120.25(18)
C10-Cl11 1.365(3) C14-N4—C12 120.73(19)
C12—N4 1.349(3)

C11-N4 1.351(3)

N4—Cl14 1.476(3)

N3-C9 1.377(3)

which indicated a predominantly aminopyridinium-like struc-
ture B in the solid state, with some double bond character in
the heterocycle.

Spectroscopic and Electrochemical properties. To
investigate further the solvent dependence of the structure of
these complexes, electrochemical measurements were carried
out. In CH,Cl,, cyclic voltammetry (CV) experiments revealed
an irreversible, presumably metal-centered, oxidation at E_, =
+0.91 V vs SCE for 3a and +0.90 V for 3b (Figure S1, Table 2).
However, when the measurement was performed in MeOH,
significantly lower oxidation potentials of E,, = +0.79 V for 3a
and +0.75S V for 3b were obtained (Figure S2). These
differences are quite substantial considering ferrocene has an
E,), of +0.46 V in CH,Cl, and +0.52 V in MeOH,** which is a

Table 2. Spectroscopic and Electrochemical Data of 3a and
3b

Epa ()~ A1000 (nm)b
complex MeOH CH,Cl, MeOH CH,Cl,
3a +0.79 V +091 V 208 nm 235 nm
3b +0.75 V +0.90 V 210 nm 240 nm

“Sweep rate 400 mV s, potentials vs SCE referenced to Fc'/F¢, E, ),
= +046 V (CHZCIZ), +0. 52 V (MeOH). 4,000 is the wavlength at
which & = 1000 M™!
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difference of 60 mV compared with 120 and 150 mV measured
for complexes 3a and 3b. These differences are therefore too
large to be accounted for merely by solvent effects and indicate
that changes in the ligand donor strengths are involved. Easier
oxidation of the ruthenium center in MeOH suggests a stronger
ligand donation in this solvent. Such an effect is likely imparted
by the mesoionic resonance form B in Scheme 3. The neutral
resonance form A features a neutral 7-acidic imine donor rather
than an anionic amide NR,™, and this form would be expected
to be more relevant in less polar CH,Cl,. This conclusion is in
agreement with the higher oxidation potential and the relative
assignment based on NMR spectroscopy (see above). CV
measurements on complex 4 (Figure 3), which contains a
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Figure 3. Pyridyl-functionalized NHC ruthenium complex 4 (ref 23),
an analogue of complex 3.

neutral imine-like pyridine donor in place of the PYA donor,
show an irreversible oxidation potential at +0.90 V (CH;CN vs
SCE).” This is highly reminiscent of the oxidation potential of
3a/b in CH,Cl, but significantly higher than 3a/b in polar
solvents. The lower oxidation potentials observed for 3a/b in
polar solvents are consistent with the PYA ligands behaving as
stronger ¢ donors with larger relative contributions of
mesoionic resonance form B (Scheme 3) in solvents of this
type.

UV—vis spectroscopy corroborates this trend. Figure 4 shows
the UV—vis spectrum of 3a measured in mixtures of MeOH
and CH,Cl, at various ratios. Complex 3a displays a strong
absorption below around 240 nm and a very weak and broad
absorption band with a A, of 275 nm. The band at lower
energy is not solvent dependent, whereas the band evolving

¢ M10°M~cm™

Ae1000 /NM
20 1000
1.6
1.4 220
1.2
210j
t 1.0
08 0 20 40 60 80 100
) % CHyCl,in MeOH
0.6
0.4
0.2
0
200 210 220 230 240 250 260 270 280 290 300
A /nm

Figure 4. UV—vis spectra of 3a in different MeOH/CH,Cl, solvent
ratios (% refers to CH,Cl, fraction);. Inset shows the redshift of the
wavelength at which € = 1000 M™" ecm™ (4,1090) upon increasing the
fraction of CH,Cl, in MeOH.
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around 240 nm shows a distinct solvent-dependence onset
(Figure 4). The absorption becomes more red-shifted as the
solvent becomes less polar. This shift is illustrated by
considering the wavelength at which the arbitrarily chosen
threshold £ = 1000 M~ cm™! is reached. In 100% MeOH, this
value is achieved at 208 nm, while in 100% CH,Cl, solution,
the extinction coefficient reaches this height already at 235 nm.
Interestingly, the shift is nonlinear, and as little as 1% CH,Cl,
in MeOH solution shifts the absorption at & = 1000 M~ cm™
from 208 to 221 nm (inset Figure 4). The shift then becomes
gradual upon further increasing the CH,Cl, ratio. These
electronic changes corroborate the previous observations from
NMR and electrochemical analyses and suggest a solvent-
dependent flexibility of the ligand #-system and a tunable donor
ability of the amide ligand through limiting resonance
structures A and B that strongly depend on solvent
polarity.'**

Infrared spectroscopy of 3a revealed a strong amide
absorption at 1606 cm™' in CH,Cl, and 1605 cm™ in
MeOH. Bands in this region are predominantly associated with
the stretching frequency of the amide I band. Since these values
are virtually identical this suggests that the carbonyl unit is
essentially unaffected by solvent changes. Accordingly,
resonance structures such as C are probably of minor relevance
(Scheme 3). Presumably the ionic character of the N—Ru bond
in resonance structure B disfavors migration of the negative
charge to more remote positions.

Catalysis. Complex 3a was tested in the dehydrogenation of
benzyl alcohol to benzaldehyde.”® Catalytic reactions were
carried out in solvents of varying dielectric constants (e,) to
exploit the solvent-dependent properties of the ruthenium
center. When the catalysis was performed in 1,4-dioxane or
toluene, which have similarly low permittivity (&, = 2.25 and
2.38, respectively),”® no conversion was observed after 2 h
(Table 3). In dichlorobenzene a very moderate conversion of

Table 3. Catalytic Dehydrogenation of Benzyl Alcohol to
Benzaldehyde®

o}
5 mol% catalyst

O =
solvent

3a 4 dielectric constant (&,)
1,4-dioxane 1% 7% 2.25
toluene 0% 6% 2.38
1,2-dichlorobenzene 6% 25% 9.93
DMSO 32% 6% 46.7

“General reaction conditions: benzyl alcohol (0.2 mmol), Cs,CO,
(0.04 mmol), anisole (internal standard, 0.2 mmol), and complex 3a
or 4 (0.01 mmol, 5 mol %) in the corresponding solvent (2.0 mL) at
110 °C, NMR spectroscopic yields after 2 h; dielectric constants from
ref 25.

6% was obtained (&, = 9.93), while conversion rose to 32% in
DMSO (g, = 46.67). This higher activity was attributed to an
increased relevance of resonance structure B over A upon
increasing the permittivity which presumably increases the
donor strength of the NHC-PYA ligand (cf. electrochemistry
section). Strongly donating ligands are important in this
oxidation process for labilizin§ the chloride ligand, which
enables substrate coordination.”” Moreover, solvents with a
high dielectric constant solubilize the dissociated chloride

dx.doi.org/10.1021/ic501026k | Inorg. Chem. 2014, 53, 8054—8060
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ligand better and are therefore expected to shift the equilibrium
further toward the ion-separated species. It is worth emphasiz-
ing that the donor flexibility of the NHC-PYA ligand has a
distinct impact. Significantly, when using the pyridyl-substituted
NHC ruthenium complex 4, in which a swap between
mesoionic and neutral resonance forms of the N-donor ligand
is suppressed, the reactivity profile is different and does not
correlate with the dielectric constant. Accordingly, the activity
of complex 3a is not a mere effect of chloride stabilization but
directly affected by the PYA and its flexible donor properties.

The complexes were also tested in the transfer hydrogenation
of benzophenone to diphenylmethanol in iso-propanol.
Moderate conversions of up to 20% for 3a and 3b after 6 h
at reflux were obtained. No further conversions after 24 h were
observed. However, black particles were detected, and this is
presumably due to decomposition of the complex under these
conditions.

B CONCLUSIONS

A set of novel complexes with ligands that contain both PYA
and NHC donors have been prepared and fully characterized.
Electrochemical measurements, NMR, and UV—vis spectro-
scopic analyses strongly suggest a solvent-dependent resonance
structure of the ligand framework, with a neutral structure
predominating in apolar solvents, while in polar media there is
a larger contribution from a mesoionic structure featuring an
anionic amidate donor site at ruthenium. UV—vis spectroscopy
showed that with as little as 1% CH,Cl, in a methanol solution,
the neutral resonance structure gains substantially in relevance.
Hence, PYA-type ligands have a flexible donor strength, which
is triggered by the solvent and presumably also by the central
metal atom. Such dynamic donor properties paired with the
synthetic flexibility of these NHC—PYA hybrid ligands may
therefore find application with a variety of metals in catalytic
redox processes.

B EXPERIMENTAL SECTION

General. 2-Bromo-N-(4-pyridyl) acetamide (1) and N-isopropyl
imidazole were prepared via reported procedures.'*® All other
starting materials and reagents were obtained from commercial sources
and used as received unless otherwise stated. NMR spectra were
recorded on Varian spectrometers operating at 400 or 500 MHz.
Chemical shifts are reported in § (ppm) relative to internal Me,Si in
CDC or residual protio solvents. *C NMR resonances were assigned
with the aid of two-dimensional cross-coupling experiments. UV—vis
spectra were recorded with a Varian 50 Spectrometer. IR spectra were
obtained on a FTIR spectrometer and are reported here in units of
cm™'. Elemental analysis was performed on an Exeter Analytical
CE440 elemental analyzer. High-resolution mass spectrometry was
carried out with a Micromass/Waters Corp. USA liquid chromatog-
raphy time-of-flight spectrometer equipped with an electrospray
source.

General Procedure for the Synthesis of Imidazole-Sub-
stituted Pyridinium Amides. The substituted imidazole (S mmol)
and 2-bromo-N-(4-pyridyl) acetamide (1; 0.64 g 3 mmol) were
refluxed in CH;CN (20 mL) for 12 h. After cooling to room
temperature, the solvent was removed and the solid was redissolved in
MeOH (2 mL) and precipitated from Et,O (15 mL). The crude salt
was dried, dissolved in DMSO (S mL), and iodomethane (0.3 mL, §
mmol) added. The solution was stirred at 60 °C for 12 h. After
repeated precipitation from MeOH (2 mL) and Et,O (15 mL), the
residue was redissolved in MeOH (20 mL) and passed through a
Dowex ion-exchange column. The solvent was removed in vacuo to
give the pure product.
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Synthesis of 2a. Compound 2a was prepared via the general
procedure using 1-methylimidazole (0.41 g, S mmol) and was obtained
as a yellow solid (0.50 g, S5% yield). 'H NMR (DMSO-D; 500
MHz): 6 11.89 (bs, 1H, NH), 9.08 (s, 1H, NCHN), 8.75 (d, 2H, ¥y
=72 Hz, H,,), 8.03 (d, 2H, *Juy = 7.2 Hz, H,,.), 7.76 (d, 1H, *Juy =
1.7 Hz, Hya), 773 (d, 1H, ¥y = 1.7 Hz, Hy ), 5.37 (s, 2H, CH,),
4.19 (s, 3H, CH;,,,,), 3.94 (s, 3H, CHy ;). “C{H} NMR (DMSO—
Dy, 125 MHz): 6 167.1 (C=0), 147.8 (C,,), 1469 (CH,,), 138.5
(NCHN), 124.4 (CH,4), 123.7 (CH,9), 115.3 (CH,,,), 52.4 (CH,),
47.1 (CH,), 36.4 (CH;). HR—MS (m/z): 231.124S. Calculated for [M
— 2Cl + HJ]: 231.1251. v = 1794 cm™".

Synthesis of 2b. Compound 2b was prepared via the general
procedure using l-isopropyllimidazole (0.55 g, S mmol) and was
obtained as a yellow solid (0.62 g, 62%). "H NMR (DMSO-Dg 500
MHz): § 1191 (bs, 1H, NH), 9.26 (s, 1H, NCHN), 8.77 (d, 2H, *Juy
=72 Hz, H,,), 8.01 (d, 2H, ¥y = 7.2 Hz, H,,), 7.97 (d, 1H, ¥y =
1.9 Hz, Hy,0), 7.79 (d, 1H, ¥y = 1.9 Hz, H,10), 5.38 (s, 2H, CH,),
4.75 (septet, 1H, *Jyy = 6.7 Hz, CHyp,), 4.20 (s, 3H, CH; ), 1.50 (d,
6H, *Ji; = 6.7 Hz, CH;p,). *C{H} NMR (DMSO-Dy, 125 MHz): §
167.0 (C=0), 151.0 (C,,,), 146.8 (CH,,,), 136.6 (NCHN), 124.6
(CHipig), 120.5 (CHypia), 1153 (CH,,), 52.8 (CHp,), 522 (CH,),
47.0 (CH,), 22.7 (CHyjp,). HR—MS (m/z): 259.1558. Calculated for
[M — 2Cl and H]*: 259.1564. v = 1795 cm™ ..

General Procedure for the Synthesis of Ruthenium p-
Cymene Complexes. The pyridinium imidazolium salt 2 (0.33
mmol), Ag,O (0.07 g, 0.33 mmol), and [RuCl,(p-cymene)], (0.09 g,
0.16 mmol) were dissolved in CH;CN (10 mL) and stirred at 60 °C in
the absence of light for 12 h. The suspension was cooled to room
temperature and filtered through a pad of Celite. The solvent was
removed under reduced pressure. The formed yellow solid was
dissolved in MeOH (2 mL) and precipitated from Et,0 (15 mL). A
saturated aqueous solution of NH,BPh, (10 mL) was then added to
the yellow powder, and the product was extracted with CH,Cl, (3 X
50 mL). The organic layers were combined, dried over MgSO,,
filtered, and evaporated under reduced pressure to give the pure
complex.

Synthesis of 3a. Synthesis was done according to the general
procedure from 2a (0.09 g, 0.33 mmol) as a yellow powder (150 mg,
50%). Microanalytically pure crystals were grown from slow diffusion
of Et,0 into a CHC; solution of 3a. '"H NMR (DMSO-D, 500
MHz): 6 8.35 (d, 2H, *Juy = 7.3 Hz, CH,,), 8.02 (d, 2H, *Jyyyy = 7.3
Hz, CH,,,), 7.54 (d, 1H, *Juy = 1.9 Hz, CH,py), 7.50 (d, 2H, *Jy =
1.9 Hz, CH,,4), 7.21=7.15 (m, 8H, Hyppy), 6.92 (t, 8H, *Jyypy = 9.1 Hz,
CHypra), 678 (d, 4H, ¥,y = 9.1 Hz, CHypyy), 5.72—5.68 (m, 3H,
H...), 5.55 (d, 1H, *Juy = 5.7 Hz, CH,,), 4.73, 4.67 (2 X d, 1H,
= 13.4 Hz, CH,), 404 (s, 3H, CH,,,), 3.84 (s, 3H, CHy,g), 3.39
(septet, 1H, *Jy = 6.9 Hz, CH,,,), 2.04 (s, 3H, CH,,,,), 1.11, 097 (2
X d, 6H, ¥y = 6.9 Hz, CHCH,). C{H} NMR (DMSO-D,, 125
MHz): § 173.3 (C=0), 172.4 (C—Ru), 163.7, 163.3, 162.9, 162.5
(Copha)s 142.1 (CH,,,,), 135.3 (CHgpppy), 125.1, 125.0 (CHppyy, CH,y,,y
2 X CHy), 121.9(C=0), 1212 (CHpppy), 1067 (Ceyp), 999
(Coym); 89.9, 843, 83.3, 82.9 (CH,,,), 542 (CH,), 45.01 (CH; ),
37.0 (CHyjpmia)s 30.5 (CH,y), 23.0, 21.1 (2 X CHCH,,,), 17.49
(CH3cym). Elemental analysis for C,H,sBCIN,ORu (820.23) X 0.75
CHC, caled: C, 61.72; H, 5.40; N, 6.16. Found: C, 61.44; H, 5.45; N,
6.29. HR—MS (m/z): 501.1016. Calculated for [M — BPh,]*":
501.0995. v = 1606 cm™ in CH,Cl, and 1605 cm™! in MeOH.

Synthesis of 3b. Synthesis was done according to the general
procedure from 2b (0.10 g, 0.33 mmol) as a yellow powder (100 mg,
37%). Microanalytically pure sample was obtained from slow diffusion
of Et,O into a CH;OH solution of 3b. Single crystals suitable for X-ray
diffraction were grown from slow diffusion of ether into a solution of
3b in chloroform. '"H NMR (DMSO-D,, 400 MHz):  8.30 (d, 2H,
*Jum = 7.3 Hz, CH,,,), 7.96 (d, 2H, ]y = 7.3 Hz, CH,,,,), 7.66 (d, 1H,
3 = 2.0 Hz, CH,,.4), 7.55 (d, 2H, ¥y = 2.0 Hz, CH,,,4), 7.12—7.15
(m, 8H, Hgppy), 689 (t, 8H, *Ju = 7.3 Hz, CHgpry), 6.77 (t, 4H, *Jun
= 7.3 Hz, CHypyy), 5.64—5.67 (m, 2H, H,,), 5.63 (d, 1H, >y = 5.7
Hz, CH,,,), 4.70 (septet, 1H, *Ji;; = 6.5 Hz, CHp,), 4.72, 4.65 (2 X d,
1H, *Juy =134 Hz, CH,), 4.01 (s, 3H, CHs,,), 3.39 (septet, 1H, *Juy
= 6.8 Hz, CH,,), 2.00 (s, 3H, CHypy), 1.50, 1.29 (2 X d, 6H, Yy =
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6.5 Hz, CHCH,yp,), 109, 0.94 (2 X d, 6H, Yy = 6.8 Hz, CHCHj,,,,).
BC{H} NMR (DMSO-Dy, 100 MHz): § 173.9 (C=0), 171.4 (C—
Ru), 166.1, 1639, 163.6, 163.0 (Cypy), 1422 (CH,,), 1355
(CHgpha), 125.3, 1252 (CHgppyy CHyyy 2 X CHjpg), 119.2
(CHgpphy), 106.5 (Cepm), 100.5 (Cey), 863, 84.9, 84.1, 83.7
(CHym), 549 (CH,), 51.6 (CH), 454 (CHs,,), 31.0 (CH,),
24.0, 23.8 (2 x CHCH,p,), 233, 21.6 (2 X CHCH,,), 17.9
(CH,p). Elemental analysis for C,Hs,BCIN,ORu (847.29) X 1
CH;OH caled: C, 66.85; H, 6.41; N, 5.85. Found: C, 67.08; H, 5.95;
N, 5.83. HR—-MS (m/z): $29.1312. Calculated for [M—BPh,]":
529.1308. v = 1606 cm ™" in CH,Cl, and 1606 cm™ in MeOH.

Electrochemistry. Electrochemical measurements were carried out
using an EG&G Princeton Applied Research potentiostat model 273A
typically at a 100 mV s' sweep rate employing a gastight three-
electrode cell under an argon atmosphere. A Pt disk with a 3.80 mm?
surface area was used as the working electrode and was polished before
each measurement. The reference electrode was an Ag/AgCl
electrode; the counter electrode was a Pt wire. BuyNPF4 (0.1 M) in
dry CH,Cl, or MeOH was used as a base electrolyte with analyte
concentrations of approximately 107> M. The ferrocenium/ferrocene
redox couple was used as an internal reference (E,, = 046 V vs
SCE).*!

Catalytic Procedures. Typical procedure for oxidation of benzyl
alcohol: The catalyst (0.01 mmol), anisole (internal standard, 20 uL,
0.2 mmol), Cs,CO; (13 mg, 0.04 mmol), benzyl alcohol (19 uL, 0.2
mmol), and solvent (2 mL) were placed in a sealed vial and heated to
110 °C. An aliquot (0.1 mL) was taken after 2 h, with CDCl; (0.6
mL), and analyzed by 'H NMR spectroscopy.

Typical procedure for the transfer hydrogenation of benzophenone:
The catalyst (0.05 mmol) was weighed directly into the reaction flask.
It was stirred, together with KOH (0.05 mL of 2 M soution in H,0,
0.1 mmol) and iPrOH (5 mL), at reflux for 10 min. Then,
benzophenone (182 mg, 1.0 mmol) was added. Aliquots (0.2 mL)
were taken after fixed times, quenched with hexane (2 mL), and
filtered through a short pad of silica, and the silica was washed with
diethyl ether. The combined organic filtrates were evaporated and
analyzed by "H NMR spectroscopy.

Crystallographic Details. Crystal data for 3b were collected using
an Agilent Technologies SuperNova A diffractometer fitted with an
Atlas detector and using monochromated Mo Ka radiation (0.71073
A). A complete data set was collected, assuming that the Friedel pairs
are not equivalent. An analytical numeric absorption correction was
performed.” The structure was solved by direct methods using
SHELXS-97*° and refined by full matrix least-squares on F* for all data
using SHELXL-97.%° Hydrogen atoms were added at calculated
positions and refined using a riding model. Their isotropic thermal
displacement parameters were fixed to 1.2 times (1.5 times for methyl
groups) the equivalent one of the parent atom. Anisotropic thermal
displacement parameters were used for all non-hydrogen atoms.
Disordered solvent was treated with the SQUEEZE procedure as
implemented in PLATON.>' Further crystallographic details are
compiled in Table Sl. Crystallographic data (excluding structure
factors) for 3b have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 999483.
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