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ABSTRACT

An N-heterocyclic carbene ligand precursor bearing a m-extended phenanthridine (3.,4-
benzoquinoline) unit is presented. The proligand was isolated as the imidazolium salt of chloride
(1-HCI), bromide (1*HBr) or hexafluorophosphate (1*HPF¢) counterions. These salts can be
deprotonated and the carbene installed on silver centres using Ag>O as both a base and a source of
metal ion. The resulting Ag(I) complex (1)AgCl can be used in a transmetalation reaction to
generate a Pd(I1) coordination complex (1)Pd(CH3CN)CL. The characterization and photophysical
properties of these complexes is presented, along with a demonstration of the utility of
(1)Pd(CH3CN)CI in mediating a catalytic C-N cross-coupling reaction for the preparation of the

pharmaceutical Piribedil.

Keywords

N-heterocyclic carbenes, phenanthridine, ligand design, transmetalation, piribedil
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INTRODUCTION

N-Heterocyclic carbenes (NHCs) are a well-established and versatile class of ligand in
coordination chemistry,! known mainly as strong c-donors, but with widely tunable steric and
electronic properties.? In addition to myriad monodentate variants, NHCs have also been used as
part of multidentate ligand scaffolds, paired with both neutral® and anionic* tethers in order to
chelate both softer and harder metals. Morris and coworkers have developed this concept to great
success over the years, preparing nitrile’ and primary amine-functionalized®” NHCs which form
late transition metal complexes that can serve as active catalysts for the hydrogenation of polar
molecules such as imines,? esters®® and ketones.”!%!! In such systems, the NHC ligand is thought
to balance the hydricity of metal hydride intermediates and the acidity of the tethered NH group,
enhancing their reactivity in transfer hydrogenation.!? In addition, where inner-sphere mechanisms
involving hemilability of the amine arm have been proposed, the strong NHC donor helps anchor
the ligand framework to the metal centre, facilitating bifunctional reactivity.!* Other ancillary

ligands that have been combined with NHCs into multidentate scaffolds include m-accepting N-

14,15 16-18

heterocycles such as pyridines,'*!> quinolines,'*~'® pyrimidines'® and phenanthrolines®® (Figure 1).

These form hybrid push-pull type ligands that can also be used to access bifunctionality and

hemilability,?! as well as complexes with variable electronic structures.?>?3

~ N ON-Ar NTON-R =~/ NTONAT
\—/ \—/ ' \—J
A B C (This work)

Figure 1. Selected examples of (benzannulated) pyridine-tethered N-heterocyclic carbenes (A4,

C (this work): Ar = 2,4,6-trimethylphenyl (mesityl); B'®: R = nPr).
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We have been exploring pairing m-extended N-heterocycles such as phenanthridine (3,4-
benzoquinoline) with phosphines®* and amines®’ in ditopic PN and NN scaffolds, as well as in
pincer-type tridentate N"N"N proligands in combination with amido donors and either a tertiary
amine?% or second heterocyclic arm.?” Compared with pyridine, quinoline and phenanthroline, the
coordination chemistry of phenanthridine as part of multidentate ligand frameworks or even on its

OWH2 8-32

is considerably underexplored. Given the exceptional properties of carbene donors, we
decided to pursue a C"N variant wherein a phenanthridine heterocycle was tethered to an NHC
donor arm. In such analogs (C), the chelate size as well as the site of benzannulation compared

with known N-heterocyclic/NHC systems (e.g., A-B) would be changed, with potential

implications for the electronic and materials properties,®* and reactivity of its complexes.'?

RESULTS AND DISCUSSION

A phenanthridine-tethered N-heterocyclic carbene was targeted in the form of the protonated
imidazolium, as a salt of chloride (1*HCI), bromide (1*HBr) and hexafluorophosphate (1*HPFg)
counterions. Imidazoliums 1°HCI and 1°HBr were prepared by N-arylation of an N-substituted
imidazole with 6-chlorophenanthridine®* or 6-bromophenanthridine, respectively. The
halogenated phenanthridines were accessed in appreciable yields (62% and 84%, respectively) as
light yellow solids via reaction of 6-(5H)-phenanthridinone?® with the appropriate phosphorus(V)
oxyhalide (POX3; X = Cl, Br) at 150 °C (Scheme 1a). Reaction of either 6-halophenanthridine
with 1-mesityl-1H-imidazole (mesityl = 2,4,6-trimethylphenyl) in refluxing toluene yielded 1-HCl
(81%) and 1-HBr (85%) as off-white solids (Scheme 1b). 'H NMR spectra of both products
contained a downfield singlet attributable to the acidic imidazolium CH nucleus, diagnostic of

each salt [on: 10.36 ppm (1-HCI), 10.62 ppm (1°HBr)]. This was accompanied by a similarly
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deshielded signal in the "*C{'H} NMR spectrum [6c = 145.5 ppm (1-HCI), 144.6 (1-HBr)]
attributed to the attached carbon. To improve solubility in organic solvents, a hexafluorophosphate
analog (1°HPF¢) was prepared via salt metathesis of 1HCl with NaPFs in a water/methanol
mixture. The NMR spectra of all three salts also show additional resonances in the aromatic region
assigned to the phenanthridinyl unit. Notably, a diagnostic singlet resonance attributable to a
hydrogen nucleus in the 6-position of the phenanthridinyl units*® was absent, confirming

attachment of the N-heterocycle at this position.

pue

b
O NaPFg
. HOMEOH | or
7 -NaX
N X

Scheme 1. Synthesis of (a) (6-chloro/bromo)phenanthridine and (b) phenanthridine-tethered

imidazoliums 1°HCI, 1HBr and 1°HPFs.

To confirm the structure assigned in solution, single crystals of a representative analog (1+HBr)
were grown from a mixture of hexanes-dichloromethane and analyzed by X-ray diffraction. The
solid-state structure confirms the installation of the 1-mesitylimidazole at the 6-position of the
phenanthridine unit, along the presence of a bromide counterion (Figure 2). A slightly shorter C=N
distance is observed in the phenanthridinyl unit [C(13)-N(1) 1.286(4) A] when compared to other

reported phenanthridine-based proligands®”-*% in which the 6-position of remains unsubstituted



106  [d(C=N) ~1.3-1.31 A]. The remainder of the bond lengths and angles in both the NHC and

107  phenanthridinyl unit are otherwise unremarkable.

108

109  Figure 2. Solid-state structure of 1*HBr with thermal ellipsoids shown at 50% probability levels.
110 A molecule of the crystallization solvent (CH2Cl), select hydrogen atoms and labels have been
111 omitted for clarity. Selected bond distances (A) and angles (°): C1-N2 1.338(4), C1-N1 1.321(4),
112 C2-N2 1.390(4), C3-N1 1.386(4), C4-N2 1.436(4), C17-N1 1.454(4), C4-N3 1.286(4), C4-C5
113 1.436(4); N3-C4-N2 113.9(3), N1-C1-N2 108.4(3), C3-C2-N2 107.0(3), C2-C3-N1 107.2(3),
114 C22-C17-N1 118.4(3), N3-C4-C5 126.4(3), C4-N3-C16 118.2(3), C1-N2-C2 108.4(3), C1-N2-C4

115 122.9(3), C2-N2-C4 128.4(3), C1-N1-C3 109.0(3), C1-N1-C17 126.2(3), C3-N1-C17 124.7(3).

116
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Coordination Chemistry of 1

To explore the coordinating ability of tethered phenanthridinyl-carbenes derived from 1-HX, we
first prepared a Ag(I) complex (Scheme 2). Linear Ag(I)-NHC complexes are capable of
transmetalation reactions and thus are useful sources of carbene ligands.*® To install our hybrid
carbene ligand on Ag(l), 1°HCI was reacted with Ag>O in acetonitrile at 50°C to provide both a
Bronsted base for deprotonation of the imidazolium and a source of silver. The resultant
suspension was filtered over Celite and repeatedly precipitated from diethylether/dichloromethane
to yield (1)AgCl as a white solid. The 'H NMR spectrum of (1)AgCl revealed the absence of a
signal attributable to the imidazolium CH of 1-HCI, which supports installation of 1 on a Ag(I)
centre in its deprotonated carbene form, though the carbene resonance could not be observed by
13C NMR spectroscopy. Signals for carbene carbon nuclei in linear NHC silver halide complexes
have been reported over a wide ppm range (213.7-163.2 ppm).** The appearance of these

4143 a5 is the

resonances can be concentration-dependent, and in some cases, absent completely,
case for (1)AgCl. High-resolution electrospray ionization mass spectrometry (HR ESI-MS)
confirmed ligation of 1, with peaks consistent with (1)AgCl, as well as an ion formed by loss of
the chloride. The major peak, however, belongs to the bis-NHC cation [(1).Ag]" (Figure S1). This

is consistent with literature reports that NHC silver halide complexes form bis(carbenes) in the gas

phase.*

CH4CN (COD)PdCI
1-HCI + 0.5 Ag,0 s N/\§ 2, N N/\B
50°C, 12 h /LN CH3CN Cl.,. )\N
Ag 50°C, 12 h Pdy
/ / Cl
cl N
///
(1)AgCl (1)Pd(CH5CN)Cl,

Scheme 2. Synthesis of coordination complexes (1)AgCl and (1)Pd(CH3CN)Cl,.
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To confirm the structure assigned in solution, a single crystal of (1)AgCl was similarly analyzed
by X-ray diffraction (Figure 3). Suitable crystals were grown by diffusion of hexane vapours into
a dichloromethane solution at -10°C. In the solid-state, a linear geometry around the Ag(I) centre
can be seen [C1-Agl-Cll angle of 177.68(6)°] with coordination of both the NHC of 1 and a
chloride. The phenanthridinyl arm remains pendent and uncoordinated to silver (N3---Agl ~ 3.23
A). While this separation is just within the sum of the van der Waals radii (3.27 A),** the
phenanthridine nitrogen (N3) is not oriented towards the Ag centre and the phenanthridine ring
system is twisted relative to the plane of the NHC moiety [50.6° c¢f. 41.8° in 1<HBr]. The
phenanthridinyl arm, in fact, shows a closer hydrogen bonding interaction with co-crystallized
CH2Clz (N3-H26A 2.470 A; N3-H26A-C26 157.98°). A close C1-Agl interaction of 2.0689(19)
A is present, along with a Agl-Cl1 bond length of 2.3232(5) A, in range of values reported for
similar complexes.**#7 The angle about the carbene carbon internal to the NHC is constricted
compared to in 1 HBr [N1-C1-N2: 104.39(16)° vs 108.4(3)° in 1°HBr], with a slight increase in
the corresponding C-N bonds [C1-N2 1.360(2), C1-N1 1.346(3) A; ¢f. C1-N2 1.338(4), C1-N1

1.321(4) A in 1+HBr].
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Figure 3. Solid-state structure of (1)AgCl with thermal ellipsoids shown at 50% probability levels.
A molecule of the crystallization solvent (CH2Cl), select hydrogen atoms and labels are omitted
for clarity. Selected bond distances (A) and angles (°): Agl-C1 2.0689(19), Agl-Cl1 2.3232(5),
C4-N3 1.289(3), C4-N2 1.433(3), C16-N3 1.385(3), C1-N2 1.360(2), C1-N1 1.346(3), C3-N1
1.385(3), C2-N2 1.393(3), C2-C3 1.336(3), C17-N1 1.441(3); C1-Agl-Cl1 177.68(6), N3-C4-C5
125.92(19), N3-C4-N2 115.74(17), N2-C4-C5 118.33(17), N1-C1-N2 104.39(16), N2-C1-Agl
127.97(14), N1-C1-Agl 127.18(14), C4-N3-C16 117.73(17), C1-N2-C4 123.28(16), C1-N2-C2
110.69(17), C2-N2-C4 125.93(17), C1-N1-C3 111.36(18), CI1-N1-C17 123.02(17), C3-N1-C17

125.08(18).



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

The silver complex can be used to transmetalate 1 to other transition metal centres. A palladium
coordination complex was accordingly prepared by reaction of (1)AgCl with (COD)PdCl, (COD
= 1,5-cyclooctadiene) in acetonitrile at ambient temperature. The resulting yellow solid could in
fact be purified by column chromatography on silica (1:1 CH3CN:Et;O eluent; 37% yield),
highlighting the strong c-bonding of 1 to Pd. The 'H NMR spectra of the complex showed
retention of the phenanthridine-tethered carbene ligand but also a singlet corresponding to an
equivalent of CH3CN, used as the solvent for synthesis, in the coordination sphere of palladium (&
= 2.00 ppm; 8(free CH3CN) = 2.10 ppm*®). Anticipating monodentate binding of 1 and retention
of both chlorides, the structure of the Pd(Il) complex was therefore formulated as
(1)Pd(CH3CN)CL. A distorted square-planar geometry was verified in solid-state (Figure 4), with
the expected range of bond angles about the metal centre between cis-disposed ligands (~88-93°)
and a nearly linear C11-Pd1-CI2 angle of 178.49(2)°. The Cnuc-Pd-Nch:en angle is slightly acute
in comparison [C1-Pd1-N4 173.89(7)°]. The bond length between C1-Pdl is measured to be
1.953(2) A, within error of closely related carbene dichloride palladium(II) pyridine complexes.*
Befitting the uncoordinated phenanthridine, the twist between the pendent N-heterocycle and the
plane of the NHC is increased further to 62.95°, with a Nphenanthridine---Pd separation of 4.323 A,
well outside the sum of the Van der Waals radii (3.18 A).** The trans influence displayed by the
NHC in (1)Pd(CH3CN)Cl, [C1-Pd1 1.9532(18) A; N4-Pd1 2.0642(17) A] is consistent with other
NHC ligands in analogous palladium complexes containing a frans-disposed acetonitrile and two
cis chlorides, evinced by both comparable Cnuc-Pd (1.939-1.976 A) and trans Pd-Ncusen bond

lengths (2.066-2.092 A).50-5
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Figure 4. Solid-state structure of (1)Pd(CH3CN)Cl, with thermal ellipsoids shown at 50%
probability levels. Selected bond distances (A) and angles (°): Cl1-Pdl 2.2885(5), CI2-Pdl
2.3095(5), N4-Pd1 2.0642(17), C1-Pd1 1.9532(18), C1-N2 1.357(2), C1-N1 1.350(2), C2-N2
1.391(2), C3-N1 1.391(2), C4-N3 1.291(3), C4-N2 1.442(2), C16-N3 1.387(2), C17-N1 1.440(2);
N1-C1-N2 105.03(15), N1-C1-Pd1 125.13(13), N2-C1-Pd1 129.51(13), C3-C2-N2 106.45(16),
N3-C4-C5 126.64(18), N3-C4-N2 114.09(17), C5-C4-N2 119.27(17), N3-C16-C15 116.74(19),
N3-C16-C11 122.48(19), C26-N4-Pd1 167.33(18), C1-Pd1-N4 173.89(7), C1-Pd1-Cl1 87.75(5),

N4-Pd1-Cl1 89.87(5), C1-Pd1-CI2 93.04(5), N4-Pd1-CI2 89.47(5), C11-Pd1-C12 178.49(2).

Absorption spectra of (1)AgCl and (1)Pd(CH3CN)Cl, were collected to explore the electronic

structures of these complexes. The Ag(I) complex is a d!° system and isoelectronic with
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phenanthridine-based P"N ligated Cu(I) complexes that have been previously reported.® The
electronic absorption spectrum of (1)AgCl (Figure 5a) is in fact quite similar to those of the Cu(I)
complexes, with peaks in the UV region at ~250-300 nm and a weak tail at ~350 nm nearing the
visible. The lowest energy absorption of (1)AgCl displays solvatochromism, with a hypsochromic
shift observed upon increasing solvent polarity (Figure S2) consistent with n-nt* character to this
absorption.>” The solvatochromic trend breaks down in methanol, likely as a result of solvent-
induced displacement of the chloride. The silver complex is also weakly fluorescent in solution
(Aem = 373 nm; ¢ = 0.04 vs quinine sulfate; Figure S3). In comparison, the aforementioned Cu(I)
analogs are phosphorescent.’® There, the phenanthridine unit is bound to the transition metal
element and the resultant complexes emit from triplet states due to intersystem crossing assisted
by the presence of the Cu nuclei. Here, the emission originates from the uncoordinated
phenanthridinyl arm. Installation of 1 on a d® metal centre such as Pd(Il) introduces higher energy
filled orbitals capable of engaging transitions that are metal-ligand charge-transfer (MLCT) in
character. Accordingly, in the UV-Vis absorption spectrum of (1)Pd(CH3CN)Cl, lower energy
peaks at 367 and 388 nm are observed alongside the peaks at ~350 nm also observed in the
spectrum of (1)AgCl (Figure 5b). This explains the light yellow colour to the Pd(Il) complex

compared to (1)AgCl, which was isolated as a white solid.
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Figure 5. UV-Vis absorption spectra of (1)AgCl and (1)Pd(CH3CN)Clz in CH2Cla.

Lastly, we examined the preliminary use of (1)Pd(CH3CN)Cl, in mediating catalytic C-N
bond formation. To demonstrate utility, we selected a representative reaction between 2-
chloropyrimidine and 1-piperonylpiperazine to form 2-[4-(1,3-benzodioxol-5-ylmethyl)-1-
piperazinyl]-pyrimidine (piribedil), a candidate therapeutic for treatment of Parkinson’s disease.
Pd catalysts in general®® and Pd-NHC complexes®*°! in particular have been widely studied for the
amination of chloroarenes including halopyrimidines. Both Pd-catalyzed®>~®* and uncatalyzed,

62,65

direct SNAr reactions of dialkylamines and 2-chloropyrimidine and its derivatives have been

reported, though in the uncatalyzed variants, fluorinated additives or highly polar reaction media
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are often used. First, we confirmed that (1)Pd(CH3CN)Cl> can mediate the cross-coupling of 2-
chloropyrimidine with piperidine itself. Using 0.1 mol% of (1)Pd(CH3CN)Cl,, NMR conversion
of 96% to the cross-coupled product 2-(1-piperidinyl)pyrimidine was observed (Scheme 3a). The
thermal background reaction does occur, but less efficiently (63% NMR conversion). In
comparison, no reaction was observed using the meta-halogenated 3-chloropyridine. Using the
more highly functionalized amine coupling partner and the same low loading of 0.1 mol%, an
isolated yield of 52% of the target complex piribedil was obtained following chromatography

(Scheme 3b). In this case, negligible conversion (<5%) was observed in the absence of catalyst.
y

a Cl

PY 0.1 mol% 1

1.1N" >N + - N N
w HN KOBu, dioxane Z Y

= o I

8h, 110 °C <__N

78 (39)

b
Py N O 0.1 mol% 1 N °
1.1 U + Hl\(\) /\©:O> KO1Bu, dioxane NY'\Q O>

8 h, 110 °C ~
~_N

Scheme 3. Synthesis of 2-(1-piperidinyl)pyrimidine and 2-[4-(1,3-benzodioxol-5-ylmethyl)-1-

52 (<5)

piperazinyl]-pyrimidine (piribedil) catalyzed by (1)Pd(CH3CN)Cl.. Isolated yields (%) of
catalyzed reactions are shown, with isolated yields of (uncatalyzed) background reactions given in

parentheses.

The synthesis of piribedil by catalytic alkylation of secondary amines with alcohols has been
previously reported with higher isolated yields (54-98%), but often requiring higher catalytic

loading (1.25-5%).5¢7! In comparison, fewer reports of formation of piribedil via C-N cross-
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coupling of 2-chloropyrimidine using pyridine/NHC supported Pd dichloride precatalysts appear
in the literature. Formation of piribedil via reductive aminations in an aqueous nanoreactors has
been described, with a higher isolated yield (80%) at much lower levels of Pd (2000 ppm).”> A
related Pd-NHC/pyridine catalyst was also reported to enable near-quantitative yields (98%), albeit

at higher loadings (0.2 mol%).%°

CONCLUSIONS

In conclusion, we have developed a novel phenanthridine-tethered NHC ligand (1) and explored
its coordination chemistry with late transition metals such as Ag(I) and Pd(II). In the solid-state,
the NHC unit of 1 unequivocally coordinates to both transition metals, with the phenanthridinyl
arm remaining pendent. The uncoordinated nature of the tethered N-heterocycle could further be
seen in the weak fluorescence of (1)AgCl. The palladium complex (1)Pd(CH3CN)CI proved a
competent precatalyst for a C-N bond forming reaction to form piribedil at a low catalyst loading.
Exploration of the scope of these types of reaction and the potential exploitation of bifunctional

reactivity arising from the Bronsted basic, pendent phenanthridine is currently underway.

Experimental Details

Unless otherwise stated, all air-sensitive manipulations were carried out inside an inert-atmosphere
glove box (N2) or using standard Schlenk techniques (Ar). 9-fluorenone, POCIl3;, POBr; (Fisher
Scientific), silver oxide and 2,4,6-trimethylaniline (Sigma Aldrich) were purchased from
commercial suppliers as reagent grade or better and used as received. 1-(2,4,6-trimethylphenyl)-
1 H-imidazole,”? (COD)PdCL,’* 6-(5H)-phenanthridinone® and 6-chlorophenanthridine®* were

synthesized following published procedures. Organic solvents were dried over appropriate
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reagents and deoxygenated prior to use. NMR spectra were recorded on a Bruker Avance 300 MHz
or Bruker Avance-III 500 MHz spectrometer as noted. High-resolution mass spectra were collected
using a Bruker microOTOF-QIII. Absorbance and emission spectra were collected on a Cary 5000
UV-Vis NIR spectrophotometer and a PTI QM30 fluorimeter (3 nm slit widths, Aexe = 310 nm).
Solutions were prepared under ambient, oxygen saturated conditions in CH>Cl in 10 x 10 mm?
quartz cuvettes. Fluorescence quantum yields (®y) were measured against a quinine sulfate

ARlsn?

standard, employing the following equation &5 = & where O is the reference quantum

AsIgn?’
yield, /1is the integrated emission peak, and A4 is the absorbance at the excitation wavelength (Aexc

=310 nm), and 7 is the solvent refractive index.”

Synthesis of 6-bromophenanthridine: A 100 mL Schlenk flask was charged with
phenanthridinone (1.17 g, 6.0 mmol) and POBr3 (2.87 g, 10.0 mmol). This mixture was sealed and
heated with stirring for 4 h in an oil bath set to 150 °C, then cooled to ambient temperature and
left to sit overnight. The mixture was subsequently quenched with a saturated NaxCO3(aq) solution
(250 mL), followed by a saturated NaOHjaq) solution until all the product could be transferred into
a large beaker. The resulting suspension was then extracted with CH>Cl, (3 x 250 mL) and the
organic fraction collected using a separatory funnel. This solution was dried over Na;SOg, filtered
and dried under reduced pressure to leave a dark brown solid. Yield = 1.31 g (84%). 'H NMR
(CDCls, 300 MHz, 22°C): 6 8.61-8.53 (overlapped m, 2H; Ca:H), 8.46 (m, Jun =9 Hz, 1H; Ca.H),

8.13-8.10 (m, 1H; Ca:H), 7.93-7.88 (m, 1H; Ca:H), 7.79-7.67 ppm (overlapped m, 3H; Ca.H).

Synthesis of 1°HCIl: The procedure was adapted from the reported synthesis of a quinolinyl-
tethered analog.'® A 50 mL Teflon-stoppered flask was charged with 6-chlorophenanthridine (0.17

g, 0.8 mmol), (N-mesityl)imidazolium (0.19 g, 1.0 mmol) and toluene (10 mL). The mixture was
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heated with stirring for 48 h in an oil bath set to 130 °C. The resulting suspension was cooled to
room temperature, filtered and the collected solid washed with diethylether (3 < 5 mL) leaving a
white solid. Yield = 0.25 g (81%). "H NMR (DMSO-ds, 300 MHz, 22 °C): § 10.28 (s, 1H; NCHN),
9.14 (d, Jun = 8.4 Hz, 1H; P"*"CyH), 9.05-9.02 (m, 1H; PP*"Ca.H), 8.79 (m, 1H; imidazoleC \ F1) 8.39
(m, 1H; imidazoleC, F7) 8.26-8.18 (overlapped m, 2H; P""Ca.H), 8.07-7.96 (overlapped m, 4H;
phenCy F), 7.23 (s, 2H; ™SYICaH), 2.38 (s, 3H; P7*msICH) 2,23 ppm (s, 6H; ohomesivIC ),
BC{'H} NMR (DMSO-ds, 75 MHz, 22 °C): § 145.5 (NCaHN), 141.2 (P*"C=N), 140.6 (CaH),
139.0 (Car), 134.8 (Ca:H), 134.3 (Car), 133.1 (Car), 131.1 (CarH), 130.4 (CaH), 129.7 (Car), 129.5
(CaH), 129.4 (CaH), 125.2 (Car), 124.7 (CaH), 124.5 (CaH), 124.4 (Car), 123.5 (Car), 123.4

(CasH), 120.2 (Cay), 20.7 (Pr@mesilCH;), 17.2 ppm (™omesiolCHy),

Synthesis of 1*HBr: The same synthetic procedure was followed as for the preparation of 1-HCI
using: 6-bromophenanthridine (0.20 g, 0.8 mmol), (N-mesityl)imidazolium (0.19 g, 1.0 mmol),
toluene (10 mL). Light beige solid. Yield = 0.29 g (85%). 'H NMR (CDCls, 300 MHz, 22°C): §
10.62 (s, 1H; NCHN), 8.78 (m, 1H; imidazoleC, Ff)  8.69-8.66 (m, 1H; PhenCuH), 8.50 (s, 1H;
imidazoleC /), 8.32 (m, 1H; P""Ca.H), 8.18-8.15 (m, 1H; PP*"C.H), 8.07-7.91 (overlapped m, 3H;
phenC\ Ff), 7.87-7.81 (m, 2H; Ph"Ca.H), 7.08 (overlapped s, 2H; ™WICx.H), 2.37 (s, 3H;
para;mesiylCH3) 231 ppm (s, 6H; @omesivlCH;), 13C {'H} NMR (CDCls, 125 MHz, 22 °C): § 144.6
(NCarHN), 141.7 (P**C=N), 138.1 (Car), 135.7 (Car), 134.3 (CaH), 133.1 (Car), 130.7 (Car), 130.3
(Car), 130.2 (CaH), 130.1 (CaH), 129.9 (Ca:H), 129.5 (Car), 125.3 (Car), 125.2 (CaH), 125.1
(CarH), 124.6 (CaH), 123.2 (CaH), 122.7 (CaH), 119.5 (Car), 21.3 (P@emsiviCH3), 18.2 ppm

(ortho,mesityl CH3)

Synthesis of 1*HPFs: This has been synthesized following the modified method of published

procedure.'® In a 20 mL scintillation vial, 1+HCI (0.40 g, 1.0 mmol) was dissolved in 5 mL of a
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9:1 ratio of water and methanol. Sodium hexafluorophosphate (0.84 g, 5.0 mmol) was added and
the mixture stirred for 2 d under ambient conditions, during which time a precipitate formed. The
precipitated solid was isolated by filtration, washed with diethylether (3 x 5 mL) and dried under
vacuum to yield a white solid. Yield = 0.46 g (91%). '"H NMR (CD3;CN, 300 MHz, 22 °C): § 9.33
(s, 1H; NCHN), 8.96-8.93 (m, 1H; imidazoleC, ff) 8.85-8.82 (m, 1H; P'"Cy.H), 8.31 (m, 1H;
imidazoleC, /), 8.20-8.06 (overlapped m, 3H; P""Ca.H), 7.95-7.91 (overlapped m, 3H; Phe"Cy,H),
7.83 (m, 1H; PP"CyH), 7.20 (m, 2H; ™SYICaH), 2.39 (s, 3H; PeremesitiCH;), 2.23 ppm (s, 6H;
orthomesiyl CH ;) 13C{'H} NMR (CDsCN, 75 MHz, 22 °C): § 146.1 (NCaHN), 142.7 (°P*"C=N),
138.6 (Car ), 136.4 (Car), 135.7 (CaH), 134.0 (Car), 131.8 (Car), 131.3 (CaH), 130.9 (CaH),
130.6 (Ca/H), 130.5 (CaH), 130.2 (CaH), 126.0 (Car), 125.7 (CaH), 125.5 (CaH), 125.2 (CaH),
124.4 (CarH), 124.0 (Ca:H), 121.1 (Cay), 21.2 (Po+msiICH3), 17.7 ppm (?*omesiyiCH3), 1F NMR
(282 MHz, 22°C, CD3CN): -72.8 ppm (d, 'Jpr = 707 Hz). 3'P{H} (121 MHz, 22°C, CD3CN): -

144.6 ppm (sep).

Synthesis of (1)AgCl: Light sensitive precautions were taken for this reaction. A 50 mL flask was
charged with 1+HC1 (0.10 g, 0.25 mmol), Ag>O (0.03 g, 0.13 mmol) and acetonitrile (10 mL). The
mixture was heated in an oil bath set to 50°C, with stirring, for 16 h. The resulting suspension was
cooled to room temperature, filtered through celite and the volatiles of the collected filtrate
removed under reduced pressure. The remaining solid was washed with diethylether (3 x 20 mL)
and then dichloromethane added until dissolved. The dichloromethane extract was concentrated to
half of the total volume and precipitated with slow addition of diethylether. The suspension was
filtered, a white solid was collected and dried under vacuum. Yield = 0.03 g (22%) 'H NMR
(CDCl3, 300 MHz, 22°C): § 8.77 (m, Jun = 8.8 Hz, 1H; Ph*"Ca.H), 8.68-8.65 (m, 1H; imidazoleC  F),

8.24-8.21 (m, 1H; imidazoleC, F1) 8.00-7.95 (m, 1H; PP"Cy.H), 7.88-7.72 (overlapped m, 5H;
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phenC \ F), 7.24 (s, 1H; PhenCa.H), 7.03 (s, 2H; ™SYIC A H), 2.36 (s, 3H; P7*mSWYICH3), 2.20 ppm (s,
6H; erhomesitCFy) 13C {TH} NMR (CD3CN, 75 MHz, 22 °C):  142.9 (*enC=N)), 140.6 (Cay), 136.5
(Car), 136.1 (CaH), 135.8 (CarH), 133.2 (Car), 130.7 (Car), 130.6 (Car), 130.1 (Car), 129.6 (Ca),
129.5 (CacH), 126.4 (CarH), 125.5 (Car), 124.3 (Car), 1241 (CaH), 124.0 (CaH), 123.8 (CacH),
122.7 (CaH), 21.2 (PeremesiiCH3), 17.9 ppm (*omesi¥ICH3). The carbene '*C resonance and one
Car peak could not be resolved. HRMS (ESI) calculated for CsoH42NsAg*, M": 835.2523. Found:
835.2555 (M*). UV-Vis (CHzCls, 22 °C): 297 (6 650), 308 (shoulder), 323 (shoulder), 336 (2 650),

352 nm (2 180 M! em').

Synthesis of (1)Pd(CH3CN)Cl,: Light sensitive precautions were taken for this reaction. 1HCl
(0.10 g, 0.25 mmol) and Ag>0 (0.03 g, 0.13 mmol) were combined in a 50 mL Schlenk flask under
Ar with acetonitrile (3 mL) and stirred in an oil bath set to 50 °C for 12 h. The consumption of
Ag>O was visually monitored, with formation of a grey solution. After 12 h, a solution of
(COD)PdCI; (0.07 g, 0.25 mmol) in acetonitrile (2 mL) was added to the mixture and stirring
continued for an additional 12 h at the same temperature. The resulting yellow solution was filtered
and pumped to dryness under vacuum leaving a solid which was purified using column
chromatography (silica, 1:1 CH3CN:diethylether as eluent). Light yellow solid. Yield = 0.05 g
(37%). '"H NMR (CDCls, 300 MHz, 22°C): & 8.75-8.73 (m, Jun= 10 Hz, 1H; PP*"CxH), 8.67-8.64
(d, 1H; imidazoleC , F7). 8.45-8.31 (overlapped m, 2H; Phe"C ./ and midazoleC , /1), 7.98-7.93 (m, 1H;
phenCa H), 7.84-7.73 (m, 3H; PP"CyH), 7.70-7.69 (m, 1H;P'"CH), 7.15-7.12 (m, 1H; PhenCa.H),
7.07 (m, 2H; ™sWICH), 2.42 (s, 6H; ohomesivICH3), 2.38 (s, 3H; 77*msiyICH3), 2.00 ppm (s, 3H,
CH3;CN). Note: A useful *C{'H} could not be collected due to low solubility at higher

concentrations. HRMS (ESI) calculated for C2sH21CIN3Pd", M+nH: 542.0213. Found: 542.0204
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(MH"). UV-Vis (CH2Cl,, 22 °C): 310 (shoulder), 336 (8 090), 352 (7 670), 367 (6 340 M! cm™),

388 nm (shoulder).

Synthesis of 2-(1-Piperidinyl)pyrimidine: A thick-walled 10 mL side arm Teflon stopper flask
was charged with 2-chloropyrimidine (0.03 g, 0.24 mmol), piperidine (0.03 mL, 0.25 mmol) and
KO7Bu (0.04 g, 0.36 mmol), followed by (1)Pd(CH3CN)Cl> (0.0002 g, 0.1 mol%) and degassed
1,4-dioxane (4 mL). The flask was sealed and heated to reflux behind a blast shield for 8 h. The
mixture was then cooled to room temperature and distilled water (5 mL) added. The mixture was
extracted with dichloromethane (3 x 5 mL) in a separatory funnel. The organic fraction was
collected, dried over Na>SO4 and filtered. The resulting solution was dried under vacuum and
purified using column chromatography (silica, 1:1 ethyl acetate:hexanes eluent). Yellow oil. Yield
=0.031 g (78%). Note: extended exposure to vacuum led to a significant decrease in the amount
of isolated (yield after extended drying = 0.011 g, 28%) suggesting material is volatile at low
pressure. Performing the identical reaction but in the absence of (1)Pd(CH3CN)Cl, led to 63%
conversion ('"H NMR) and an isolated yield of 0.015 g (39%); yield after extended drying = 0.006
g (15%). Spectroscopic data matched that found in the literature.®> "H NMR (CDCls, 300 MHz,
22°C): 8 8.28 (d, *Jun = 4.7 Hz, 2H), 6.41 (t, *Jun = 4.7 Hz, 1H), 3.77 (t, 4H), 1.66-1.56 ppm (m,

6H). 3C{'H} NMR (CDCls, 75 MHz, 22 °C): 5 161.8, 157.8, 109.2, 44.9, 25.9, 25.0 ppm.

Synthesis of Piribedil: A thick-walled 10 mL side arm Teflon stopper flask was charged with 2-
chloropyrimidine (0.03 g, 0.24 mmol), 1-piperonylpiperazine (0.06 g, 0.25 mmol) and KO7Bu
(0.04 g, 0.36 mmol), followed by complex (1)Pd(CH3CN)CI (0.0002 g, 0.1 mol%) and degassed
1,4-dioxane (4 mL). The flask was sealed and heated to reflux behind a blast shield for 8 h. The
mixture was then cooled to room temperature and distilled water (5 mL) added. The mixture was

extracted with dichloromethane (3 x 5 mL) in a separatory funnel. The organic fraction was
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collected, dried over Na>SO4 and filtered. The resulting solution was dried under vacuum and
purified using column chromatography (silica, 4:1 ethyl acetate:hexanes eluent). Off-white solid.
Yield = 0.03 g (52%). Spectroscopic data matched that found in the literature.”® "H NMR (CDCls,
300 MHz, 22 °C): 8 8.30-8.28 (m, 2H), 6.89 (s, 1H), 6.76 (d, 2H), 6.47 (m, 1H), 5.95 (s, 2H), 3.82
(m, 4H), 3.45 (s, 2H), 2.48 ppm (m, 4H). *C{'H} NMR (CDCl3, 75 MHz, 22 °C): 5 161.8, 157.8,

147.8, 146.8, 131.9, 122.4, 109.9, 109.6, 108.0, 101.1, 63.0, 52.9, 43.8 ppm.

Control Reaction: An identical procedure as described above was followed, but omitting
(1)Pd(CH3CN)Cly. Following workup, but prior to column chromatography, 'H NMR revealed
negligible conversion to product (< 5%), with unreacted 1-piperonylpiperazine representing the

vast majority of the isolated material (see Figure S21).

X-Ray Crystallography

For each crystal structure, X-ray data was using collected from a multi-faceted crystal of suitable
size and quality selected from a representative sample of crystals of the same habit using an optical
microscope. The crystal was mounted on a MiTiGen loop and data collection carried out in a cold
stream of nitrogen (150 K; Bruker D8 QUEST ECO; Mo Ka radiation). All diffractometer
manipulations were carried out using Bruker APEX3 software.”’ Structure solution and refinement
was carried out using XS and XL software, embedded within OLEX2.7® The absence of additional
symmetry was confirmed using ADDSYM incorporated in the PLATON program.” CCDC Nos.
2021640-2021642 contain the supplementary crystallographic data for this paper. The data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures.



401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

Crystal structure data for 1*HBr (CCDC 2021640): X-ray quality crystals were grown from a
mixture of hexanes and dichloromethane at 298 K. Crystal structure parameters: CosH24BrCl2N3
529.29 g mol!, monoclinic, space group P2i/c;a= 7.4794(2) A, b= 10.7205(3) A, ¢ =29.9073(8)
A, 0=90° B =97.1730(10)°, y = 90°, V = 2379.29(11) A3; Z = 4, pcarca = 1.478 g cm™3; crystal
dimensions 0.270 x 0.170 x 0.050 mm; Omax = 27.502°; 46252 reflections, 5452 independent (Rin
= 0.0772), intrinsic phasing; absorption coeff (u = 1.972 mm"), absorption correction semi-
empirical from equivalents (SADABS); refinement (against F,?) with SHELXTL V6.1, 292
parameters, 0 restraints, Ri = 0.0499 (/ > 26) and wR» = 0.1303 (all data), Goof = 1.030, residual

electron density 3.028/—0.555 ¢ A™3.

Crystal structure data for (1)AgCl (CCDC 2021641): X-ray quality crystals were grown from
diffusion of hexanes vapour into dichloromethane at 298 K. Crystal structure parameters:
C26H23AgC13N3 591.69 g mol™!, triclinic, space group P-1; a = 7.7936(4) A, b =9.9308(5) A, ¢ =
17.0671(9) A, a = 82.142(2)°, B = 86.911(2)°, y = 70.260(2)°, V = 1231.60(11) A%, Z = 2, pcaica =
1.596 g cm; crystal dimensions 0.124 x 0.087 x 0.050 mm; Omax = 30.497°; 35741 reflections,
7483 independent (Rint = 0.0405), intrinsic phasing; absorption coeff (u = 0.530 mm"), absorption
correction semi-empirical from equivalents (SADABS); refinement (against F,?) with SHELXTL
V6.1, 301 parameters, 0 restraints, R1 =0.0321 (/> 26) and wR> = 0.0790 (all data), Goof=1.019,

residual electron density 1.27/-0.92 e A3,

Crystal structure data for (1)Pd(CH3CN)Cl, (CCDC 2021642): X-ray quality crystals were grown
from layering of diethyl ether atop a chloroform solution at -10 °C. Crystal structure parameters:
C2sH25C1sN4Pd 701.17 g mol™!, monoclinic, space group P21/n; a = 11.7288(6) A, b =19.5348(9)
A, c=12.8998(6) A, a=90°, B =b=104.647(2)°, y = 90°, V = 2859.5(2) A3; Z = 4, praica = 1.629

g cm3; crystal dimensions 0.400 x 0.200 x 0.160 mm?; Omax = 30.593°; 98792 reflections, 8770
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independent (Rin = 0.0290), direct methods; absorption coeff (u = 1.142 mm™'), absorption
correction semi-empirical from equivalents (SADABS); refinement (against F,?) with SHELXTL
V6.1, 350 parameters, 0 restraints, R1 = 0.0306 (/> 2¢) and wR, =0.0765 (all data), Goof = 1.070,

residual electron density 0.969/-1.314 ¢ A3,
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