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ABSTRACT: “Chemical noninnocence” of metal-coordinated 2-picolylamine (PA)
derivatives has been introduced upon its reaction with the metal precursor [RuII(Cl)-
(H)(CO)(PPh3)3] under basic conditions. This in effect leads to the facile formation of
metalated amide, imine, ring-cyclized pyrrole, and an N-dealkylated congener based on the
fine-tuning of an amine nitrogen (Namine) and a methylene center (Cα) at the PA
backbone. It develops oxygenated L1′ in 1 and cyclized L4′ in 4 upon switching of the
Namine substituent of PA from aryl to an electrophilic pent-3-en-2-one moiety. On the other
hand, imposing the substituent at the Cα position of PA modifies its reactivity profile,
leading to a dehydrogenation (2/3) or N-dealkylation (6) process. The divergent reactivity
profile of metalated PA is considered to proceed through a common dianionic
intermediate. Further, a competitive scenario of C−H bond functionalization of
coordinated PA versus the ligand-exchange process has been exemplified in the presence
of external electrophile such as benzyl bromide or methylene iodide. Authentication of the
product formation as well as elucidation of the reaction pathway has been addressed by their crystal structures and
spectroscopic features in conjunction with the transition-state (TS) theory.

■ INTRODUCTION

Nitrogenous heterocycles, the skeletal moieties in numerous
biologically active species and natural products, have received
continuing research interest from the broader perspectives of
its utility in synthetic chemistry.1 Variegated strategies are
therefore employed in procuring such diversified products.
Among them, functionalization via the assistance of a metal ion
is considered to be one of the facile synthetic protocols to
introduce structural miscellany onto these substrate back-
bones.2 In this regard, diversification of 2-picolylamine (PA)-
derived molecular frameworks has gained profound attention
because these are the important scaffolds of many natural
products, synthetic drugs, and building blocks.3 Besides, they
have found widespread application in coordination chemistry
because of their enriched donor ability and robust nature.4

However, a few reports relating to the “non-spectator” feature
(oxygenation and oxidative dehydrogenation) of the coordi-
nated picolyl fragment in PA and its allied backbones are
accounted for under special circumstances,5 but the activation
of PA toward cyclization still remains elusive.
In this context, the present paper demonstrates poorly

explored multifarious reactivity strategies of ruthenium-
coordinated PA and its structural analogues under basic
conditions. It includes systematic alteration of the reactivity at
the methylene center (Cα) of PA as a function of metal
chelation as well as modulation of the substrate backbone
(Scheme 1). This, in turn, leads to (i) aerial oxygenation (CH2
→ CO) of N-aryl-substituted PA to amide, (ii) formation of
imine (−CH−NH → −CN) upon selective substitution at
Cα of PA, and (iii) ring-closing scenario by integrating an

electrophilic counterpart in its backbone, which, however,
results in N-dealkylation upon affixing alkyl/aryl substitution at
Cα. On the other hand, PA fails to react with the external
electrophiles (E+) and instead undergoes a ligand-exchange
process. Structural and mechanistic details along with
correlation of the reactivity have been authenticated by
spectroscopic and theoretical details.

■ RESULTS AND DISCUSSION
Synthetic, Structural, and Spectroscopic Aspects.

Complexes with the general formula [RuII(H/Cl)(L′)(CO)-
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Scheme 1. Ruthenium-Chelation-Assisted Varying
Functionalization of PAa

aE+ stands for an external electrophile.
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(PPh3)2](ClO4)n (n = 0 for 1 and 4 and n = 1 for 2 and 3)
involving functionalized ligand moieties (L′ in Scheme 2) are

obtained from the reactions of a 1:1 mixture of [RuII(Cl)(H)-
(CO)(PPh3)3] and the respective PA-derived ligand precursors
(HL) in refluxing tert-butyl alcohol (tBuOH) in the presence
of tBuOK base under aerobic conditions. The use of N-
(pyridin-2-ylmethyl)aniline (HL1 in Scheme 2) results in
coordinated phenyl(picolinoyl)amide (L1′) in [RuII(H)(L1′)-
(CO)(PPh3)2] (1) via aerobic oxygenation at Cα in an
intermolecular fashion. Involvement of aerial oxygen in the
conversion sequence has been confirmed by an 18O2-isotope-
labeling experiment (Figure S2). In contrast, the reaction of
[RuII(Cl)(H)(CO)(PPh3)3] with Cα-substituted PA in phenyl-
(pyridin-2-yl)methanamine (HL2) and tetrahydro-1,1′-bis-
(isoquinoline) (HL3, a mimicked PA) leads to the
corresponding imine counterparts L2′ and L3′ in isolated
[RuII(Cl)(L2′)(CO)(PPh3)2]ClO4 (2) and [RuII(H)(L3′)-
(CO)(PPh3)2]ClO4 (3), respectively, where excess NaClO4 is

used to balance the charge of the complexes. However, the
same reaction in the absence of a base under a N2 atmosphere
fails to extend the desired dehydrogenation process, which, in
turn, suggests base-induced oxidative dehydrogenation in 2/3.6

Remarkably, complexation of the PA derivative with a suitably
placed electrophilic moiety in its backbone such as 4-[(pyridin-
2-ylmethyl)amino]pent-3-en-2-one (HL4) under similar re-
action conditions leads to intramolecular 5-exo-trig ring
cyclization to yield a pyridylpyrrole (L4′) derivative in
[RuII(H)(L4′)(CO)(PPh3)2] (4). The influence of π-accept-
ing CO/PPh3 facilitates stabilization of the RuII state in 1−4
(Scheme 2).
Replacement of the electron-withdrawing pyridine ring of

PA in HL4 by the electron-donating thiophene ring in
[(thiophen-2-ylmethyl)amino]pent-3-en-2-one (HL5) yields
ruthenium-coordinated L5− in [RuII(H)(L5)(CO)(PPh3)2]
(5) instead of the otherwise expected five-membered metal-
laheterocycle as in 4 (Scheme 2). It indeed signifies the pivotal
role of the pyridinyl moiety and Lewis acidity of the transition
metal in the ring-closing process.
In contrast, the introduction of a bulkier “Ph” group at the

Cα position (HL6) inhibits the aforestated ring formation on
the [Ru(Cl)(H)(CO)(PPh3)3] platform (Scheme 2) because
of the improper orientation of the linking atoms to achieve the
optimal trajectory, as has also been revealed from its crystal
structure (Figure 1). It, however, affords metal acetylacetonate
(6) and phenyl(pyridin-2-yl)methanimine along with ill-
defined side products as a consequence of the N-dealkylation
process. A similar phenomenon has also been observed for the
analogous HL7 bearing methyl substitution at Cα. The
formation of a phenyl(pyridin-2-yl)methanimine or (pyridin-
2-yl)ethanimine byproduct during the reaction of [Ru(Cl)-
(H)(CO)(PPh3)3] and HL6 or HL7, respectively, is supported
by the respective gas chromatography (GC)−mass spectrom-
etry (MS) spectra.
The impact of an electron-poor {RuII(H)(CO)(PPh3)2}

metal fragment toward the ring cyclization process in 4 has
been further verified by considering an alternate metal
precursor, {RuII(pap)2}, encompassing strongly π-accepting
pap = 2-phenylazopyridine7 (Scheme 3). As anticipated, the
reaction proceeds through the same ring-closing process to
yield {RuII(pap)2}-chelated pyridylpyrrole (L4′) in 4A,
supported by its mass/NMR (Figures S1 and S12).
The ligands and complexes have been characterized by their

crystal structures, electrospray ionization mass spectrometry
(ESI-MS)/GC−MS, and spectroscopic (1H/13C/31P NMR,
UV−vis, and IR) signatures (Figure 1, Table 1, and Figures
S1−S16 and Tables S1−S7). N,N and O,O donors of the
functionalized PA (i.e., L′) form five- and six-membered
chelates with the metal ions in 1−4 and 6, respectively (Figure
1). The anionic N2 donor of L1′ (1) or L4′ (4) is in a trans
orientation with respect to the M−CO bond because of the
trans effect of CO. A comparison of the Ru1−C1(CO) and
C1−O1 bonds in 1 and 4 suggests a lesser synergistic back-
bonding effect [(dπ)RuII → (π*)CO; MCO ↔ MC
O] in the latter8 because of electron delocalization from the
pyrrolide moiety to the pyridyl backbone in L4′, as has also
been reflected in its remarkably shorter C6−C7 bond length
[1.411(8) Å]. Consequently, the amidate function of the
carboxamido ligand (L1′) in 1 is perturbed to some extent, as
supported by its partially biased C7O2 [1.26(1) Å] and
C7−N2 [1.35(1) Å] distances.9 In contrast, CO remains trans
to the pyridyl or isoquinolyl N1 in 2 or 3 incorporating two

Scheme 2. Synthetic Outline for 1−6a

aNaClO4 is required only for the synthesis of 2 and 3.
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neutral N donors, respectively. This causes a lesser extent of
Ru1−C1 or C1−O1 bond perturbation. The appearance of a
new C7O2 bond in L1′ of 1 and the disappearance of the
CO bond of the β-ketoiminate (acnac) fragment in L4′ of 4
are attributed to functionalization of the picolyl (C7) center, as
has also been supported by their NMR resonances. On the
other hand, dehydrogenation of amine → imine in 2/3 is
evident from the shorter C7−N2 bond length in L2′/L3′ as
well as by the absence of the picolyl proton (Cα−H) in 1H

NMR. Each complex molecule displays one 31P NMR signal
corresponding to two trans-positioned PPh3 groups and a
triplet pattern for Ru−H of 1, 3, and 4 in 31P NMR due to its
coupling with two PPh3 (ΣI = 1) groups.10

Effect of External Electrophiles. In order to understand
the role of external electrophiles, the reaction of HL1 and
[Ru(Cl)(H)(CO)(PPh3)3] is carried out in the presence of
benzyl bromide (an external electrophile) and tBuOK base in
dry toluene under an inert atmosphere. It yields metal-
coordinated imine in [Ru(L1″)(Br)2(CO)PPh3] (1A) instead
of the insertion of an electrophile (−CH2Ph) at the Cα

position of PA (Figures 2a and S13). Excess benzyl bromide
in the reaction has possibly played the dual role of substrate
and oxidant. Moreover, the formation of 1A is associated with
the additional ligand-exchange processes, i.e., initial labilization
of bulky PPh3 by a bromide ion followed by the consequent
substitution of other anionic ligands. Further, the base-induced
rapid dehydrogenation process of PA under an inert
atmosphere did not allow intermolecular reaction between
the external electrophile and nucleophilic methylene center of
PA.
The analogous reaction of [Ru(Cl)(H)(CO)(PPh3)3] and

HL2 in the presence of methylene iodide in lieu of benzyl
bromide as an external electrophile results in 2 (imine product,
major) along with a metal-coordinated amine product in
[Ru(I)2(CO)(L2)(PPh3)2] (2A, minor; Figure 2b). The
decrease in the Lewis acidity of the metal ion in the presence

Figure 1. ORTEP diagrams. H atoms (except the selective one), solvent molecules, and counteranions are omitted for clarity. Thermal ellipsoids
are at 40% probability.

Scheme 3. Impact of the Ancillary Ligand on Cyclization

Table 1. Selected Crystallographic Bond Lengths (Å)

1 2 3 4

Ru1−C1 1.822(7) 1.86(1) 1.847(9) 1.860(5)
C1−O1 1.185(9) 1.11(2) 1.16(1) 1.136(6)
C7−N2 1.35(1) 1.29(1) 1.31(1) 1.373(8)
C6−C7 1.51(1) 1.48(2) 1.48(1) 1.411(8)
C6−N1 1.353(9) 1.39(1) 1.329(9) 1.379(6)
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of a weak-field iodide ligand possibly facilitates stabilization of
the metalated amine in 2A. The simultaneous formation of 2
and 2A rationalizes a competitive scenario, C−H activation
versus ligand-exchange phenomenon at the metal center in
inhibiting the desired functionalization.
Mechanistic Outline. To gain insights into the aforesaid

transformation processes, a controlled reaction involving HL2
with a phenyl substituent at its Cα and [Ru(Cl)(H)(CO)-
(PPh3)3] has been followed in refluxing dry toluene in the
presence of tBuOK under anoxic conditions. The resultant
green solution, however, quickly changes to 2 (yellow) under
oxic conditions. The transformation of green to yellow (2) is
monitored spectrophotometrically in deaerated tetrahydrofur-
an (THF) at 313 K (Figure 3). 1H NMR of the in situ
generated green solution in benzene-d6 fails to display the
characteristic resonance of Cα−H around 3−5.5 ppm (Figure
S5f), possibly implying involvement of the dianionic
intermediate (DA, Figure 4) in the conversion sequence.11,5a

DA2 (Figure 4) was selectively chosen to follow because
phenyl substitution at the methine carbon of HL2 has

extended additional stability to the system via conjugation of
Cα

− (DA2) into the phenyl ring along with the pyridyl moiety.
Therefore, a common dianionic intermediate (DA),

generated via activation of the acidic methylene group of PA
upon coordination to electrophilic {Ru(H/Cl)(CO)(PPh3)2}
or {Ru(pap)2}, is considered to correlate the reactivity
patterns.11,5a The reactive Cα center of DA1 (no longer
“spectator”) reacts with the molecular oxygen in an
intermolecular fashion to yield 1. However, the presence of
an electrophilic substituent at DA4 facilitates the intra-
molecular reaction between the carbonyl center and reactive
Cα, leading to the formation of a cyclized product in 4. On the
contrary, substitution at Cα results in imine (2 or 3) via two-
electron oxidation of DA2/3. Similarly, the formation of imine
in 1A (Figure 2a) can be attributed to two-electron oxidation
of in situ generated DA1 (Figure 4) under anoxic conditions.
The apparently unfavorable formation of DA encompassing
two adjacent negative charges (Figure 4) could possibly be
stabilized to some extent by π-back-donation from RuII(t2g

6) to
CO/PPh3 as well as via the delocalization of negative charge
into the pyridine moiety to form a dearomatized structure, as
depicted in Figure 4.8,12 Thus, the cooperative interplay of
metal chelation and suitable substituents in the PA frameworks
is decisive for the substrate activation processes. Further, in the
present scenario, PA with a suitably positioned electrophilic
function (as in HL4, Scheme 2) follows the faster intra-
molecular cyclization path (4 in Scheme 2) instead of the
intermolecular oxygenation route.
The proposed pathway in Figure 4 has further been

evaluated computationally by using the B3LYP/6-31G**/
LANL2DZ level of theory (Figures 5 and S17−S19 and Table
S8).13 The outline of the oxygenation process in Figure 4 is
derived primarily based on the earlier reports by de Bruin and
co-workers for the analogous system.5a,14 The first step for the
oxygenation process through the anionic pathway involves the
formation of a short-lived peroxide intermediate (I11a in Figure
5; O−O = 1.465 Å), which undergoes subsequent proton
shuttling (TS1a) followed by heterolytic cleavage of the O−O
bond to generate thermodynamically stable 1. The formation
of a peroxide intermediate has been considered to follow via
either (i) one-electron oxidation of DA1 ({Ru

II-L12−}−, S = 0)
by molecular oxygen (3O2, S = 1) to produce DA1

● ({RuII-
L1●−}, S = 1/2) and O2

●− (S = 1/2), followed by their
intermolecular interaction, or (ii) interaction of DA1 (S = 0)
with 1O2 (S = 0). The necessary change in the multiplicities for
the activation of 3O2(

3Σg
−) to 1O2(

1Δg) in pathway ii may be
assisted by its interaction with the complex under a strong
crystal field.15,16 The density functional theory (DFT)
calculations, however, prefer pathway i over pathway ii
[ΔE(path ii−path i) = ∼33 kcal mol−1]. Nevertheless, the
presence of K+ provides further stability to the system (Figure
S18). The selective interaction of a πg* singly occupied
molecular orbital of superoxide with the methine center of
DA1

● in pathway i has also been supported by the L1-
dominated spin in DA1

● (L1, 0.99; {Ru(H)(CO)(PPh3)2},
0.01; Figure S19).
The alternate radical pathway (Figure 4) involving the

interaction of in situ generated one-electron-oxidized DA1
● (S

= 1/2) with ground-state 3O2 (diradical, S = 1) is also equally
probable.5a,14 This gives rise to the oxygenated L1′ in 1 via a
possible superoxide intermediate (S = 1/2).

17 Electron release
and uptake processes are, however, balanced in the reaction
sequence.

Figure 2. Reaction with external electrophiles. Reaction conditions:
(i) tBuOH/tBuOK, N2 atmosphere, 100 °C, 12 h. (a) Imine
formation under an inert atmosphere. ORTEP of 1A. Bond lengths
(Å): C7−N2 1.287(8); C6−C7, 1.459(8); C6−N1, 1.341(6). (b)
Ligand-exchange reaction. ORTEP of 2A. Bond lengths (Å): C7−N2,
1.499(7); C6−C7, 1.603(8); C6−N1, 1.336(5).

Figure 3. Change in the spectral profile for DA→ 2 in THF at 313 K.
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The reaction pathway for 4 includes a 5-exo-trig cyclization
between anionic Cα and electrophilic CO counterparts of
the acnac moiety. The approach of in situ generated Cα

− to the
carbonyl moiety (SN

2 path) at an angle of 112° (close to the
Burgi−Dunitz angle, TS4 in Figure 5) extends the optimum
trajectory for n(Cα

−)→ π*(CO) interaction.18 This leads to
transient I14, which then rearranges to I24. The lowering in
energy of I24 may be a consequence of the negative charge
delocalization onto the pyridyl backbone. Elimination of KOH

at the final stage directs the formation of 4. Elongation of a
newly formed C−C bond in I14 (>1.6 Å) and a C−O distance
in I24 (1.493 Å) is a reflection of electronic consequence due
to molecular strain.19 Moreover, cyclization in the presence of
an acnac substituent in PA also reveals the ambiphilic feature
of acnac.20 Finally, the greater thermodynamic stability of the
products (ΔG highly negative) with respect to their metastable
dianionic counterpart favors the overall transformation
processes.

■ CONCLUSION
Although PA-derived ligands have widely been applied as
“spectator” ligands, the present paper highlights a diverse
reactivity profile (aerobic oxygenation, dehydrogenation, ring
formation, and N-dealkylation) of suitably designed PA
derivatives (i.e., their “chemical noninnocence”) on selective
ruthenium platforms. Correlation of the reactivity suggests that
simple tuning of the PA backbone at the amine nitrogen results
in its varying functionalization modes including intermolecular
(oxygenation) to intramolecular (cyclization) transformations.
On the other hand, insertion of an alkyl or aryl sustituent at the
Cα of PA inhibits the aforestated conversions and instead
facilitates the dehydrogenation or N-dealkylation process. The
present deliberation is therefore expected to introduce a new
avenue in the specific direction of metal-assisted C−H
functionalization to achieve biologically relevant heterocyclic
ring congeners via fine tuning of the ligand environment.

■ EXPERIMENTAL SECTION
Materials. The precursor complexes [Ru(Cl)(H)(CO)(PPh3)3]

21

and ctc-[Ru(pap)2(EtOH)2]
22 and the ligands HL1−HL423−26 were

Figure 4. Proposed pathway for correlation of the reactivities. Charge on the amide nitrogen (N−) is not shown for clarity. a stands for the anionic
pathway, and r stands for the radical pathway.

Figure 5. Gibbs free energy (ΔG, 298 K) profile (not to scale) for the
formation of 1 (anionic pathway, red) and 4 (blue) at the B3LYP
level in 2-butanol.13 The associated ΔG/ΔH are shown in each state.
ΔG of the starting substrates is taken as zero. Only the core structures
are shown here.
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prepared by following the literature procedures. Newly designed
HL5−HL7 were synthesized by following a procedure similar to that
for HL4.26 Other chemicals and solvents were of reagent grade and
were used as received. For spectroscopic studies, HPLC-grade
solvents were used. 18O2 was procured from ICON Isotope.
Physical Measurements. The electrical conductivity was

checked using an autoranging conductivity meter (Toshcon
Industries, India). 1H/13C/DEPT-135/31P NMR spectra were
recorded on a Bruker Avance III 400 or 500 MHz spectrometer.
Elemental analyses were recorded on a Thermoquest (EA 1112)
microanalyzer or a Thermo Finnigan (FLASH EA 1112) instrument.
The ESI-MS was checked on a Bruker Maxis Impact (282001.00081)
spectrometer. GC−MS experiments were performed on an Agilent
5975C spectrometer. IR spectra of the complexes were recorded on a
Nicolet spectrophotometer. Electronic spectral studies were per-
formed on a PerkinElmer Lambda 1050 spectrophotometer.
Crystallography. X-ray diffraction data were collected using a

Rigaku Saturn-724+ CCD single-crystal X-ray diffractometer using a
Mo Kα or Cu Kα source. Data collection was evaluated by using the
Crystal Clear-SM Expert software. The data were collected by the
standard ω-scan technique. The structures were solved by direct
methods using SHELXS-97 and refined on F2 by full matrix least
squares with SHELXL-2014/2016/2018.27 All data were corrected for
Lorentz and polarization effects, and all non-H atoms were refined
anisotropically. The remaining H atoms were placed in geometrically
constrained positions and refined with isotropic temperature factors,
generally 1.2Ueq of their parent atoms. H atoms were included in the
refinement process as per the riding model. CCDC 1951286 (1),
1951287 (2), 1951288 (3), 1951290 (4), 1951289 (6), 1951291
(1A), 1951292 (2A), and 1951293 (HL6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.
Computational Studies. Full geometry optimization was

performed by using the DFT method at the B3LYP level.28 Except
ruthenium, all other elements were assigned the 6-31G** basis set.
The LANL2DZ basis set with an effective core potential was
employed for the Ru atom.29 All calculations were performed with the
Gaussian 09 program package.30 Calculated structures were visualized
with ChemCraf t.31

Transition-state calculations were performed at the B3LYP level of
theory starting from infinitely separated substrates. Single imaginary
frequencies for the transition states (TSs) and real frequencies for the
local minima were obtained. The connectivity of each TS was
validated through a relaxed potential energy surface scan for the
corresponding reaction coordinate and found to be the highest-energy
point that connected the relevant reactant and product. The zero-
point vibrational energies and thermal corrections were obtained from
the harmonic frequency calculations at the B3LYP level of theory in 2-
butanol.
General Procedure for the Synthesis of HL5−HL7. Acetylacetone

was added dropwise to a methanolic solution of the respective amines,
and the mixture was stirred overnight under refluxing conditions to
obtain a yellow solution. It was washed with n-pentane and dried
under vacuum. Purification by column chromatography (using a
neutral alumina column with a varying ratio of the dichloromethane/
acetonitrile mixture) led to the resulting yellow oily liquid of the
corresponding HL.
4-[(Thiophen-2-ylmethyl)amino]pent-3-en-2-one (HL5). Thio-

phen-2-ylmethanamine (5.0 mL, 48.7 mmol) and acetylacetone (5.0
mL, 48.7 mmol) were used. Yield: 8.5 g (90%). 1H NMR (500 MHz,
CDCl3): δ 11.07 (s, 1H), 7.18 (dd, 1H), 6.91 (s, 1H), 5.01 (s, 1H),
4.55 (d, J = 6.1 Hz, 2H), 1.99 (s, 3H), 1.93 (s, 3H). 13C NMR (126
MHz, CDCl3): δ 195.51, 162.43, 141.21, 127.02, 125.05, 124.91,
96.21, 41.89, 28.91, 18.75. DEPT-135 (126 MHz, CDCl3): δ 127.02,
125.05, 124.91, 96.21, 41.90, 28.91, 18.76. HRMS (C10H13NOS;
{HL5 + H}+). Calcd: m/z 196.0791. Found: m/z 196.0786. IR: 1647
cm−1 [ν(CO)].
4-[[Phenyl(pyridin-2-yl)methyl]amino]pent-3-en-2-one (HL6).

Phenyl(pyridin-2-yl)methanamine (5.0 g, 27.1 mmol) and acetylace-

tone (2.7 mL, 27.1 mmol) were used. Yield: 5.6 g (78%). Single
crystals of HL6 were obtained from a 2:1 dichloromethane/methanol
solution. 1H NMR (400 MHz, CDCl3): δ 8.51 (d, J = 4.1 Hz, 1H),
7.52 (td, J = 7.7 and 1.6 Hz, 1H), 7.33 (d, J = 7.5 Hz, 2H), 7.24 (t, J =
7.7 Hz, 3H), 7.15 (t, J = 7.3 Hz, 1H), 7.07−7.01 (m, 1H), 5.79 (d, J =
7.9 Hz, 1H), 5.01 (s, 1H), 1.99 (s, 3H), 1.81 (s, 3H). 13C NMR (101
MHz, CDCl3): δ 195.63, 161.86, 160.29, 149.49, 141.22, 137.12,
128.95, 127.70, 126.77, 122.45, 121.12, 96.65, 62.99, 28.96, 19.41.
DEPT-135 (101 MHz, CDCl3): δ 149.49, 137.12, 128.95, 127.70,
126.77, 122.44, 121.12, 96.65, 62.99, 28.96, 19.40. HRMS
(C17H18N2O; {HL6 + H}+). Calcd: m/z 267.1492. Found: m/z
267.1477. IR: 1603 cm−1 [ν(CO)].

4-[[1-(Pyridin-2-yl)ethyl]amino]pent-3-en-2-one (HL7). 1-(Pyri-
din-2-yl)ethan-1-amine (5.0 mL, 41.0 mmol) and acetylacetone (4.2
mL, 41.0 mmol) were used. Yield: 7.2 g (86%). 1H NMR (500 MHz,
CDCl3): δ 11.19 (d, J = 6.7 Hz, 1H), 8.48 (dt, J = 1.5 and 4.5 Hz,
1H), 7.61 (td, J = 7.7 and 1.8 Hz, 1H), 7.22 (d, J = 7.9 Hz, 1H), 7.11
(ddd, J = 7.5, 4.9, and 1.1 Hz, 1H), 4.95 (s, 1H), 4.77−4.69 (m, 1H),
1.97 (s, 3H), 1.75 (s, 3H), 1.51 (s, 3H). 13C NMR (126 MHz,
CDCl3): δ 195.48, 162.90, 162.35, 149.20, 137.24, 122.22, 119.52,
96.03, 54.72, 28.88, 23.05, 19.16. DEPT-135 (126 MHz, CDCl3): δ
149.20, 137.24, 122.21, 119.52, 96.03, 54.72, 28.88, 23.05, 19.16.
HRMS (C12H16N2O; {HL7 + H}+). Calcd: m/z 205.1335. Found: m/
z 205.1344. IR: 1610 cm−1 [ν(CO)].

Preparation of the Complexes. Synthesis of 1−5. Complexes
1−5 were prepared by following a general synthetic route using the
respective preformed HL ligands. To the pale-pink solution of
[Ru(Cl)(H)(CO)(PPh3)3] in

tBuOH in an oven-dried round bottom
flask was added a yellow solution of the respective HL in tBuOH and
tBuOK. The solution was refluxed under an aerial atmosphere for ∼4
h. The solution gradually turned to yellow with progression of the
reaction. Evaporation of the solvent under vacuum afforded a yellow
solid, which was subjected to chromatographic purification by using a
neutral alumina column and varying the mixture of dichloromethane/
petroleum ether as the eluent. Removal of the solvent under vacuum
resulted in complexes 1−5. An aqueous solution of excess NaClO4
was added to precipitate the cationic complexes 2 and 3.

[RuII(H)(L1′)(CO)(PPh3)2] (1). [Ru(Cl)(H)(CO)(PPh3)3] (150 mg,
0.158 mmol), HL1 (29 mg, 0.158 mmol), tBuOH (20 mL), tBuOK
(53 mg, 0.473 mmol). Yield: 118 mg (88%). Slow evaporation of its
dichloromethane solution gave yellow crystals of 1. MS (ESI+,
CH3CN; {1}

+). Calcd: m/z 851.16. Found: m/z 851.18. 1H NMR
(500 MHz, CDCl3): δ 7.92 (d, J = 5.1 Hz, 1H), 7.73 (d, J = 7.8 Hz,
1H), 7.71−7.63 (m, 2H), 7.60−7.52 (m, 2H), 7.46 (td, J = 7.5 and
2.6 Hz, 3H), 7.44−7.33 (m, 11H), 7.22 (t, J = 7.3 Hz, 6H), 7.15 (t, J
= 7.3 Hz, 10H), 6.96−6.88 (m, 2H), 6.63−6.57 (m, 2H), −10.43 to
−10.66 (t, 1H). 13C NMR (126 MHz, CDCl3): δ 206.30, 166.00,
158.15, 153.46, 150.82, 133.72, 133.66, 133.60, 129.28, 128.03,
127.99, 127.94, 127.25, 127.08, 126.16, 125.46, 124.08, 121.47. 31P
NMR (162 MHz, CDCl3): δ 43.43. Anal. Calcd for C49H40N2O2P2Ru:
C, 69.09; H, 4.73; N, 3.29. Found: C, 69.37; H, 4.57; N, 3.34. IR
(KBr, cm−1): 1919 [ν(CO)], 1664 [ν(CO)PA]. Molar
conductivity (CH3CN): ΛM = 6 Ω−1 cm2 M−1. UV−vis [λ, nm (ε,
M−1 cm−1)]: 338 (5200), 233 (38200).

[RuII(Cl)(L2′)(CO)(PPh3)2]ClO4 (2). [Ru(Cl)(H)(CO)(PPh3)3]
(150 mg, 0.158 mmol), HL2 (29 mg, 0.158 mmol), NaClO4(190
mg, 1.58 mmol, 10 equiv), tBuOH (20 mL), and tBuOK (53 mg,
0.473 mmol) were used. Yield: 116 mg (76%). Slow evaporation of its
dichloromethane solution gave reddish-yellow crystals of 2. MS (ESI+,
CH3CN; {2 − ClO4}

+). Calcd: m/z 871.13. Found: m/z 871.17. 1H
NMR (400 MHz, CD3CN): δ 10.91 (s, 1H), 7.91 (t, J = 7.8 Hz, 1H),
7.83 (d, J = 5.1 Hz, 1H), 7.59 (d, J = 7.7 Hz, 1H), 7.51 (t, J = 7.6 Hz,
2H), 7.43 (dd, J = 11.4 and 5.0 Hz, 8H), 7.39−7.25 (m, 24H), 7.05−
7.00 (m, 1H), 6.34 (d, J = 7.2 Hz, 2H). 13C NMR (101 MHz,
CD3CN): δ 203.89, 177.25, 151.72, 151.13, 138.87, 133.86, 133.80,
133.75, 132.61, 131.48, 130.85, 129.85, 129.74, 129.51, 129.28,
128.82, 128.77, 128.72, 128.65, 127.44, 117.37. 31P NMR (162 MHz,
CDCl3): δ 37.43. Anal. Calcd for C49H40N2O5P2Cl2Ru: C, 60.62; H,
4.15; N, 2.89. Found: C, 60.95; H, 4.13; N, 2.63. IR (KBr, cm−1):
1977 [ν(CO)]. Molar conductivity (CH3CN): ΛM = 102 Ω−1 cm2
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M−1. UV−vis [λ, nm (ε, M−1 cm−1)]: 440 (800), 281 (10400), 238
(10600).
[RuII(H)(L3′)(CO)(PPh3)2]ClO4 (3). [Ru(Cl)(H)(CO)(PPh3)3] (150

mg, 0.158 mmol), HL3 (41 mg, 0.158 mmol), NaClO4(190 mg, 1.58
mmol, 10 equiv), tBuOH (20 mL), and tBuOK (53 mg, 0.473 mmol)
were used. Yield: 132 mg (83%). Slow evaporation of its 2:1
dichloromethane/hexane solution gave crystals of 3. MS (ESI+,
CH3CN; {3 − ClO4}

+). Calcd: m/z 913.21. Found: m/z 913.17. 1H
NMR (400 MHz, CDCl3): δ 8.79 (d, J = 5.9 Hz, 1H), 8.0−6.5 (m,
39H), 4.49 (d, J = 16.0 Hz, 1H), 2.95 (t, J = 16.2 Hz, 1H), 2.65 (d, J
= 17.6 Hz, 1H), 2.41−2.25 (m, 1H), −10.67 (t, J = 20.2 Hz, 1H). 13C
NMR (101 MHz, CDCl3): δ 204.01, 166.55, 154.16, 153.78, 152.31,
146.25, 146.17, 145.91, 137.06, 136.51, 136.01, 133.23, 133.17,
132.11, 132.06, 131.94, 130.67, 130.50, 130.34, 128.68, 128.64,
128.46, 128.41, 127.85, 127.57, 125.59, 124.75, 116.91, 56.39, 27.28.
DEPT-135 (13C NMR; 101 MHz, CDCl3): δ 145.91, 133.17, 133.04,
132.12, 130.67, 130.50, 130.34, 128.64, 128.29, 127.85, 127.57,
127.20, 126.38, 126.10, 125.60, 124.75, 56.32, 27.27. 31P NMR (202
MHz, CDCl3): δ 43.70. IR (KBr, cm−1): 1972 [ν(CO)]. Anal.
Calcd for C55H45N2O5P2Cl1Ru: C, 65.25; H, 4.48; N, 2.77. Found: C,
65.57; H, 4.73; N, 2.47. Molar conductivity (CH3CN): ΛM = 94 Ω−1

cm2 M−1. UV−vis [λ, nm (ε, M−1 cm−1)]: 496 (4880), 388 (15820).
[RuII(H)(L4′)(CO)(PPh3)2] (4). [Ru(Cl)(H)(CO)(PPh3)3] (150 mg,

0.158 mmol), HL4 (30 mg, 0.158 mmol), tBuOH (20 mL), and
tBuOK (53 mg, 0.473 mmol) were used. Yield: 120 mg (93%). Slow
evaporation of its 2:1 dichloromethane/hexane solution gave crystals
of 4. MS (ESI+, CH3CN; {4 + H}+). Calcd: m/z 827.19. Found: m/z
827.20. 1H NMR (500 MHz, CDCl3): δ 7.40−7.32 (m, 12H), 7.30−
7.25 (t, J = 7.3 Hz, 7H), 7.24−7.16 (t, J = 7.5 Hz, 15H), 5.85 (s, 1H),
2.31 (s, 3H), 1.60 (s, 3H), −10.52 to −10.65 (t, J = 20.8 Hz, 1H). 13C
NMR (101 MHz, CDCl3): δ 156.51, 152.07, 141.33, 134.12, 133.99,
133.93, 133.87, 133.71, 133.60, 128.87, 127.60, 127.56, 127.51,
124.13, 115.37, 114.22, 114.06, 16.92, 14.90. 31P NMR (162 MHz,
CDCl3): δ 44.85. Anal. Calcd for C48H42N2OP2Ru: C, 69.81; H, 5.13;
N, 3.39. Found: C, 69.32; H, 5.36; N, 3.52. IR (KBr, cm−1): 1913
[ν(CO)]. Molar conductivity (CH3CN): ΛM= 2 Ω−1 cm2 M−1.
UV−vis [λ, nm (ε, M−1 cm−1)]: 408(sh), 354 (14600), 231 (48000).
[RuII(H)(L5)(CO)(PPh3)2] (5). [Ru(Cl)(H)(CO)(PPh3)3] (150 mg,

0.158 mmol), HL5 (31 mg, 0.158 mmol), tBuOH (20 mL), and
tBuOK (53 mg, 0.473 mmol) were used. Yield: 13 mg (10%). The
poor yield and unstable feature of 5 (possibly due to a weakly
coordinating thiophenyl S donor) kept us from performing a detailed
characterization except MS identification. MS (ESI+, CH3CN; {5 −
Cl}+). Calcd: m/z 848.18. Found: m/z 848.17.
Synthesis of [Ru(acac)(Cl)(CO)(PPh3)2] (6; acac = Acetylaceto-

nate). To a pale-pink solution of [Ru(Cl)(H)(CO)(PPh3)3] (150
mg, 0.158 mmol) in tBuOH (20 mL) in an oven-dried clean round-
bottom flask were added a yellow solution of HL6 (42 mg, 0.158
mmol) or HL7 (32 mg, 0.158 mmol) in tBuOH and tBuOK (53 mg,
0.473 mmol). The solution was refluxed under an aerial atmosphere
for ∼4 h. The solution gradually turned to yellow with progression of
the reaction. Evaporation of the solvent under vacuum afforded a
yellow solid, which was subjected to chromatographic purification by
using a neutral alumina column and 1:3 dichloromethane/petroleum
ether as the eluent. Removal of the solvent under vacuum resulted in
complex 6. Yield: ∼70 mg (∼55%). Slow evaporation of its 3:1
dichloromethane/methanol solution gave colorless crystals of 6. MS
(ESI+, CH3CN; {6}

+). Calcd: m/z 789.11. Found: m/z 789.15. 1H
NMR (400 MHz, CDCl3): δ 7.79 (t, J = 6.2 Hz, 3H), 7.73−7.63 (m,
21H), 7.44−7.28 (m, 10H), 1.63 (s, 3H). 13C NMR (101 MHz,
CDCl3): δ 193.93, 155.08, 148.59, 137.12, 136.29, 134.67, 134.61,
134.39, 133.90, 133.65, 132.97, 131.01, 129.59, 128.75, 128.49,
128.29, 128.20, 127.90, 126.24, 124.65, 94.53, 29.72, 27.15. 31P NMR
(162 MHz, CDCl3): δ 50.94. Anal. Calcd for C42H37ClO3P2Ru: C,
64.00; H, 4.73. Found: C, 63.83; H, 4.93. IR (KBr, cm−1): 1937
[ν(CO)], 1589 [ν(CO)acac]. Molar conductivity (CH3CN): ΛM
= 6 Ω−1 cm2 M−1. UV−vis [λ, nm (ε, M−1 cm−1)]: 313 (6600), 241
(20000).
Synthesis of [Ru(L4′)(pap)2]ClO4 (4A; pap = 2-Phenylazopyr-

idine). The starting complex ctc-[Ru(pap)2Cl2] (150 mg, 0.28 mmol)

and AgClO4 (117 mg, 0.56 mmol) were taken in EtOH (50 mL) and
refluxed for 2 h. The precipitated AgCl was filtered off through a
sintered-glass Gooch crucible. The filtrate was treated with HL4 (54
mg, 0.28 mmol) and tBuOK (83 mg, 0.74 mmol), and the mixture
was heated to reflux for 8 h under atmospheric conditions. The
solvent was removed under reduced pressure. The residue was
moistened with a few drops of CH3CN. A saturated aqueous solution
of NaClO4 was added to the above concentrated solution and allowed
to cool at 273 K overnight. The precipitate thus obtained was filtered,
washed with chilled water to remove excess NaClO4, and dried in
vacuo over P4O10. The product was purified using a neutral alumina
column with 1:5 petroleum ether/CH2Cl2 as the eluent. Yield: 132
mg (64%). MS (ESI+, CH3CN; {4A − ClO4}

+). Calcd: m/z 639.16.
Found: m/z 639.18. 1H NMR (400 MHz, CDCl3): δ 8.52 (d, J = 7.9
Hz, 1H), 8.46 (d, J = 8.0 Hz, 1H), 8.20 (dd, J = 7.0 and 5.7 Hz, 2H),
8.13 (dd, J = 7.8 and 1.1 Hz, 1H), 7.79−7.68 (m, 3H), 7.56 (t, J = 7.2
Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H), 7.39 (t, J
= 6.7 Hz, 1H), 7.28−7.11 (m, 5H), 7.01 (d, J = 8.1 Hz, 2H), 6.98 (d,
J = 8.2 Hz, 2H), 6.64 (t, J = 7.1 Hz, 1H), 5.78 (s, 1H), 2.42 (s, 3H),
1.54 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 165.61, 156.46, 153.74,
149.72, 149.36, 148.87, 144.44, 139.47, 138.38, 138.03, 133.73,
133.27, 132.71, 129.43, 128.99, 128.39, 127.89, 127.76, 126.49,
123.04, 122.98, 118.47, 118.12, 116.12, 15.58, 14.15. Anal. Calcd for
C33H29N8O4Cl1Ru: C, 53.69; H, 3.96; N, 15.18. Found: C, 53.82; H,
3.62; N, 14.92. IR (KBr, cm−1): 1214 [ν(ClO4)]. Molar conductivity
(CH3CN): ΛM = 106 Ω−1 cm2 M−1. UV−vis [λ, nm (ε, M−1 cm−1)]:
546 (5200), 331 (20600), 225(sh).

Caution! Perchlorate salts are generally explosive and should be
handled with care.

Synthesis of [Ru(Br)2(L1″)(CO)(PPh3)] (1A). To a pale-pink
solution of [Ru(Cl)(H)(CO)(PPh3)3] (150 mg, 0.158 mmol) in
degassed toluene (20 mL) in an oven-dried Schlenk tube were added
under a N2 atmosphere HL1 (29 mg, 0.158 mmol), followed by
tBuOK (53 mg, 0.473 mmol) and benzyl bromide (95 μL, 0.80 mmol;
approximately 5 equiv with respect to the ligand). The solution was
refluxed under an inert atmosphere overnight. The solution gradually
turned yellow with progression of the reaction. Evaporation of the
solvent under vacuum afforded a yellow solid, which was subjected to
chromatographic purification by using a neutral alumina column and
1:1 dichloromethane/petroleum ether as the eluent. Removal of the
solvent under vacuum resulted in 1A. Yield: 81 mg (70%). Slow
evaporation of its 2:1 dichloromethane/hexane solution gave orange
crystals of 1A. MS (ESI+, CH3CN; {1A + H}+). Calcd: m/z 734.92.
Found: m/z 734.90. 1H NMR (500 MHz, DMSO-d6): δ 8.79 (d, 1H),
8.78 (s, 1H), 7.24−7.18 (m, 6H), 7.18−7.10 (m, 10H), 7.07−7.02
(m, 7H). 13C NMR (126 MHz, DMSO-d6): δ 169.31, 154.23, 152.37,
151.11, 138.96, 133.25, 133.18, 132.57, 132.18, 130.28, 129.35,
129.06, 128.76, 128.55, 128.47, 123.30. 31P NMR (162 MHz, DMSO-
d6): δ 48.71. Anal. Calcd for C31H25Br2N2OPRu: C, 50.77; H, 3.44;
N, 3.82. Found: C, 50.39; H, 3.29; N, 3.67. IR (KBr, cm−1): 1969
[ν(CO)]. Molar conductivity (CH3CN): ΛM = 4 Ω−1 cm2 M−1.
UV−vis [λ, nm (ε, M−1 cm−1)]: 495 (600), 310 (9400), 237 (18200).

Synthesis of [Ru(I)2(HL2)(CO)(PPh3)] (2A). To a pale-pink solution
of [Ru(Cl)(H)(CO)(PPh3)3] (150 mg, 0.158 mmol) in degassed
toluene (20 mL) was added under a N2 atmosphere in an oven-dried
Schlenk tube HL2 (29 mg, 0.158 mmol), followed by tBuOK (53 mg,
0.473 mmol) and CH2I2 (64 μL, 0.79 mmol, 5 equiv). The solution
was refluxed under an inert atmosphere overnight. The solution
gradually turned yellow with progression of the reaction. Evaporation
of the solvent under vacuum afforded a yellow solid, which was
subjected to chromatographic purification using a neutral alumina
column and 1:1 dichloromethane/petroleum ether as the eluent.
Removal of the solvent under vacuum resulted in complexes 2 (85
mg, 55%) and 2A (40 mg, 30%). Slow evaporation of its 2:1
dichloromethane/hexane solution gave yellow crystals of 2A. MS
(ESI+, CH3CN; {2A + H}+). Calcd: m/z 829.89. Found: m/z 829.94.
1H NMR (500 MHz, CDCl3): δ 9.28 (d, J = 4.9 Hz, 1H), 7.98−7.79
(m, 6H), 7.51 (t, J = 7.6 Hz, 1H), 7.34 (dd, J = 20.9 and 6.4 Hz,
13H), 7.21 (d, J = 3.3 Hz, 2H), 6.57 (d, J = 7.9 Hz, 1H), 5.58 (t, 1H),
3.63 (t, J = 10.5 Hz, 1H), 2.48 (dd, 1H). 13C NMR (126 MHz,
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CDCl3): δ 206.38, 163.71, 153.57, 140.31, 137.10, 135.27, 134.88,
133.86, 133.79, 129.90, 129.89, 129.68, 129.14, 128.31, 128.23,
128.15, 124.37, 124.35, 124.11, 124.09, 64.90. DEPT-135 (13C NMR;
126 MHz, CDCl3): δ 153.57, 137.10, 133.86, 133.79, 129.91, 129.89,
129.69, 129.14, 128.31, 128.23, 128.15, 124.37, 124.35, 124.11,
124.09, 64.90, 64.88. 31P NMR (202 MHz, CDCl3): δ 54.17. Anal.
Calcd for C31H27N2O1P1I2Ru: C, 44.89; H, 3.28; N, 3.38. Found: C,
44.76; H, 3.25; N, 3.14. IR (KBr, cm−1): 1942 [ν(CO)]. Molar
conductivity (CH3CN): ΛM = 6 Ω−1 cm2 M−1. UV−vis [λ, nm (ε,
M−1 cm−1)]: 351 (3600), 307 (17600), 241 (21200).
Generation of Dianion (DA). To a pale-pink solution of

[Ru(Cl)(H)(CO)(PPh3)3] (150 mg, 0.158 mmol) in degassed
toluene (20 mL) in an oven-dried Schlenk tube was added under a
N2 atmosphere HL2 (29 mg, 0.158 mmol), followed by tBuOK (53
mg, 0.473 mmol). The solution was refluxed under an inert
atmosphere for 4 h. The solution gradually turned green with
progression of the reaction. Evaporation of the solvent under an inert
atmosphere led to a green solid. This was further subjected to UV−vis
(in degassed THF) and 1H NMR (benzene-d6) studies.
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