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ABSTRACT: Proligands based on bis(8-quinolinyl)amine (IL1) were prepared containing one
(L2) and two (L3) benzo-fused N-heterocyclic phenanthridinyl (3,4-benzoquinolinyl) units.
Taken as a series, L1-L3 provides a ligand template for exploring systematic m-extension in the
context of tridentate pincer-like amido complexes of Group 10 metals (1-M, 2-M and 3-M; M =
Ni, Pd, Pt). Inclusion of phenanthridinyl units was enabled by development of a cross-
coupling/condensation route to 6-unsubstituted, 4-substituted phenanthridines (4-Br, 4-NO,, 4-
NH,) suitable for elaboration into the target ligand frameworks. Complexes 1-M, 2-M and 3-M
are redox-active; electrochemistry and UV-Vis absorption spectroscopy were used to investigate

the impact of m-extension on the electronic properties of the metal complexes. Unlike what is

typically observed for benzannulated ligand-metal complexes, extending the m-system in metal
complexes 1-M to 2-M to 3-M led to only a moderate red shift in the relative HOMO-LUMO
gap as estimated by electrochemistry, and similarly subtle changes to the onset of the lowest
energy absorption observed by UV-Vis spectroscopy. TD-DFT revealed that benzannulation
significantly impacts the atomic contributions to the LUMO and LUMO+1 orbitals, altering the
orbital contributions to the lowest energy transition but leaving the energy of this transition

essentially unchanged.



INTRODUCTION

Extending the m-system of conjugated ligands is widely used to tune electronic transitions in
transition metal' and main-group? complexes without significantly altering the parent ligand
framework. This can provide important flexibility in the design of new emissive molecules and
photosensitizers, as photophysical properties can be adjusted without wholesale changes to the
core molecular shape. Furthermore, as exemplified by a published series of (BPI)PtCl (BPI =
bis(2-pyridylimino)isoindolate) complexes, red or blue shifts are both possible with increasing n-
extension. The direction of the shift was rationalized by establishing how the site of
benzannulation impacts the energies of the frontier orbitals (HOMO/LUMO).!d

In this context, tridentate pincer-type ligands containing benzannulated aromatic N-
heterocycles offer the potential to form robust complexes bearing an electronically accessible
extended m-system.? The benzannulated aromatic N-heterocycle phenanthridine (3.4-
benzoquinoline) is much less well-known as a ligand than its more symmetric isomer acridine
(2,3-benzoquinoline),* the readily cyclometallated benzo[h]quinoline (7,8-benzoquinoline)’ and
quinoline itself (2,3-benzopyridine). This is despite phenanthridine’s utility in fluorescent DNA
intercalators such as ethidium bromide® and related emissive organic materials,” in platin drug
candidates (phenathriplatin: cis-[Pt(NH;),(phenanthridine)CI]NOs),! and as a co-catalyst in
hydrogenation reactions.’ To our knowledge, only a handful of multi-dentate ligands that bring
phenanthridinyl units into the coordination sphere of metals are known. Emissive #ris(4-
phenanthridinolato)lithium and aluminum complexes have been used in electroluminescent
devices.! (R) and (S)-6-(2'-diphenylphosphino-I'-naphthyl)phenanthridines were applied as
atropisomeric ligands in Pd-catalyzed allylic alkylations.!! Fac-binding, tridentate

bis(phenanthridinylmethyl)amines bound to Re(I) carbonyls have been used for live-cell
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fluorescence imaging.'> Chelate-assisted C-H activation of substituted 6-arylphenanthridines has
been used to generate luminescent C,N-cyclometalated phenanthridine-containing platinum(II)!?
and deep-red emitting iridium(IlI) complexes.* We have reported the preparation of (4-
diphenylphosphino)phenanthridine analogs of (8-diphenylphosphino)quinolines that can be used
to form luminescent Cu and Zn coordination compounds.'

In this work, we present a synthetic route to tridentate phenanthridine-containing ligand
frameworks based on bis(8-quinolinyl)amine (L1; Figure 1)." Once deprotonated, these
compounds (L2, LL3) are capable of binding as monoanionic {NNN}- amido ligands,!” and
therefore present an opportunity to investigate the coordination chemistry of phenanthridine-
containing ‘pincer-type’ ligands with divalent Group 10 metal ions. The resultant complexes
allowed us to evaluate the impact of sequential quinoline-to-phenanthridine m-extension on their
electronic properties, which we reasoned would be substantial given that benzannulation site-
dependent red shifts of 10 nm and blue shifts of nearly 50 nm of the lowest energy absorption
were observed in related series of m-extended ligand-metal complexes.'d Contrary to our initial
hypothesis, while significant shifts are observed in the absorption spectra of L1, L2 and L3, the
impact of m-system extension proved to be much more subtle in the Group 10 metal complexes

1-M, 2-M, 3-M (M = Ni, Pd, Pt).
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Figure 1. Proligands  bis(8-quinolinyl)amine  (L1), (4-methylphenanthridinyl)(8-
quinolinyl)amine (L2), bis(4-methylphenanthridinyl)amine (L.3), and Group 10 metal complexes

(1-M, 2-M and 3-M; M = Ni, Pd, Pt) discussed in this work.

RESULTS AND DISCUSSION

Bis(8-quinolinyl)amine (L1) provides two equivalent conceptual sites for m-extension to
phenanthridinyl analogs (Figure 1). We decided to adapt Peters’ cross-coupling methodology!'¢
for the synthesis of L2-L3 and so first established a general preparative route to 4-substituted
halo- and aminophenanthridines by combining C-C and C-N bond formation in a one-pot, Pd-
catalyzed cross-coupling/condensation of substituted anilines with 2-formylphenylboronic acid

(Figure 2a, Table S1).'® Phenanthridines lacking substituents in the 6-position are less common



than 6-subsituted analogs, due to the electrophilic reactivity of the carbon at this position."
Using para-substituted 2-bromo-6-iodo-4-methylaniline, we achieved higher isolated yields (>
90 %) of 4-bromo-2-methylphenanthridine (4-Br) compared with the analogous preparation of 4-
bromophenanthridine from 2,6-dibromoaniline (isolated yields ~ 35 %), as the iodoarene can be
easily prepared and is more active in cross-coupling. Direct coupling of 2-formylphenyl boronic
acid with 1,2-diamino-6-iodo-toluene gave only moderate conversions (~ 50 % by NMR) to 4-
NH,, likely due to coordination of the aminophenanthridine to Pd. However, 2-methyl-4-
nitrophenanthridine (4-NQO;) was readily obtained from 2-bromo-6-nitro-4-methylaniline, and
reduction of 4-NO, with Zn/NH,-NH, and formic acid allowed isolation of 4-NH, in good yield
(> 85 %, Figure 2b). With the 4-substituted phenanthridines in hand, forcing conditions [150 °C,
72 h; 5 mol % Pd(OAc),, (1,1'-diphenylphosphino)ferrocene (dppf); sodium-zert-pentoxide] gave
high isolated yields (> 90 %) of both the asymmetric (4-methylphenanthridinyl)(8-
quinolinyl)amine (L.2; Figure 2c¢), and the symmetric bis(4-methylphenanthridinyl)amine (L3;

Figure 2d).



(@)
I
Pd(PPhg),, DME O
+ -
NH, B(OH). NayCOg(aq), 130°C O NS
X o -H0 diagnostic

X NMR signal

4-Br (X =Br)

4'N02 (X = NOQ)

Zn, HoNNH*H,O/HCOH

L

MeOH, 60°C
NH»
4-NH,
Pd(OAC) /dppf +L,MCl,
> L2 > 2-M (M = Ni, Pd, Pt)
NaOtPen, toluene NaOBu
150°C THF/CH,Cl,, 70°C
(d)
+ L,MCI
4Br +  4NH, —OAOORRT a2, M (M =Ni Pd, PY)
NaOtPen, toluene NaOtBu
150°C THF/CHJCl,, 70°C

Figure 2. (a) One-pot Pd-catalyzed coupling/condensation route to 4-substituted phenanthridines
(4-Br/4-NO,); (b) reduction of 4-NO, to 4-NH,; (c) synthesis of m-extended pincer-type
proligand L2 and metal complexes 2-M; (c) synthesis of L3 and metal complexes 3-M (L,MCl,

= NiClL,(H,0)s, (1,5-COD)PdCI; or (1,5-COD)PtCL,).

Both L2 and L3 show spectroscopic features diagnostic of phenanthridine groups (Table 1).
The downfield shift of the 'H and *C NMR resonances attributed to the [CH] unit in the 6-
position adjacent to the nitrogen in the phenanthridinyl ring system is consistent with a dominant
‘imine-bridged, biphenyl’ resonance contributor, which maximizes the number of aromatic

subunits in accordance with Clar’s postulate.?® Accordingly, the solid-state X-ray structures of



L2 and L3 show one short C=N distance in each phenanthridine unit [L.2: N(1)-C(1) 1.298(2);

L3: N(1)-C(1) 1.305(4), N(3)-C(15) 1.307(3) A; Figure 3].

Table 1. Selected solution NMR data (diagnostic [CH] resonances; Figure 2) for L1-L3 and 1-

M/2-M/3-M (from reference'é and this work).

L1 L2 L3 1-Ni | 1-Pd | 1-Pt | 2-Ni | 2-Pd | 2-Pt | 3-Ni | 3-Pd | 3-Pt
d('H)
Ce-H | 897 | 927 | 929 | 866 | 895 | 9.14 | 905 | 927 | 949 | 9.10 | 938 | 9.58
/ppm
6(13C)
Ce-H/ | 148.1 | 150.1 | 150.1 | 150.6 | 1495 | 148.8 | 154.1 | 151.8 | 151.1 | 1540 | 151.8 | 151.0

ppm

No significant changes to the pseudo C,, symmetric 'H NMR spectrum of L3 in CD,Cl, were
observed on cooling from 25 °C to -90 °C, implying that there is no significant barrier to the
compound adopting a planar configuration, though in the solid-state L3 adopts a non-planar
structure (dihedral angle between the two phenanthridinyl units = 31.1°). In comparison, the
dihedral angle between phenanthridinyl and quinolinyl units observed in the solid-state structure

of L2 is considerably smaller (3.4°; Figure 3).
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Figure 3. ORTEPs?! of L2 and L3, with thermal ellipsoids shown at 30% (L.2) and 50% (L3)
probability levels. For each structure, two views are shown. Selected bond distances (A) for L2:
C(1)-N(1) 1.298(2), C(9)-N(1) 1.3811(17), C(9)-C(8) 1.4068(19), C(8)-C(7) 1.4444(19), C(2)-

C(1) 1.426(2), C)-C(7) 1.4127(18), C(15)-NB3) 1.319(2); and L3: CA)-N(1) 1.305(4), CO)-
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N(1) 1.382(3), C(1)-C(2) 1.432(4), C(2)-C(7) 1.410(3), C(7)-C(8) 1.448(4), C(8)-C(9) 1.410(3),
C(15)-N(3) 1.307(3), C(23)-N(3) 1.385(3), C(15)-C(16) 1.428(4), C(16)-C(21) 1.413(4), C(21)-

C(22) 1.447(3), C(22)-C(23) 1.412(3).

L2 and L3 bear two sp*hybridized, hard N donors and, on deprotonation, a diarylamido Lewis
basic site. L1 has a similar donor set and as might be expected from this rigid donor core, binds
to Group 8,2 Group 9, divalent Group 10,!* Cu(I)!®* and Zn(II)!* ions in a planar, meridional
fashion. Facial binding, however, was also shown to be possible in an octahedral Pt(IV)
complex.?* L2 and L3 provide an opportunity to assess the impact of benzannulation on the
donor strength of the N-heterocyclic arms. The donor ability of pyridine toward the Lewis acid
BCl; is in between that of quinoline and acridine,* consistent with the order of their pK,’s
(quinoline < pyridine < acridine). Phenanthridine has a similar pK, to acridine (5.58), implying a
similar ‘donor strength’ toward H*. With larger Lewis acids, phenanthridine (34-
benzoquinoline) should be less sterically encumbered than acridine (2,3-benzoquinoline), due to
the asymmetry of benzannulation. To compare the coordination chemistry of our phenanthridine-
containing ligands L2 and L3 with that of L1, we targeted halide complexes of the Group 10
triad, as the analogous complexes of L1 (1-M) are known.!%

Divalent nickel, palladium and platinum complexes of L1-L3 were prepared in 65-89 % yields
from reaction with the appropriate metal chloride salt in the presence of a base (NaO7Bu) in hot
THF or CH,Cl,. Benzannulation decreases solubility, which was found to be generally poor in
organic solvents for all complexes despite introduction of methyl groups to the N-heterocyclic
arms in L2 and L3, with metal complexes of L2-L3 precipitating from solution over the course
of the reaction. Coordination of the proligands was followed by the shift of the diagnostic NMR
spectroscopic resonances of the [CH] unit in the 6-position of the phenanthridinyl arms of L2
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and L3 (Table 1). Coordination of L2 in 2-Ni results in shifts of the signals for the [Cs-H] unit to
9.05 ('H, CDCl;) and 154.1 ppm (*C{'H}), with the equivalent resonances in 2-Pt observed at
9.49 and 151.1 ppm. In comparison, the same signals in 2-Pd are only slightly different from
those of the free amine (9.27 ppm and 151.8 ppm; ¢f. 1-Ni: 'H 8.66, *C{'H} 150.6 ppm; 1-Pd:
'H 8.95, BC{'H} 149.5 ppm; 1-Pt: 'H 9.14, BC{'H} 148.8 ppm).!® For 3-M, the same trend is
observed, with increasing deshielding of the diagnostic '"H NMR resonance going down the
group; the Cq-H proton signal resonates at 9.10 (3-Ni), 9.38 (3-Pd) and 9.58 ppm (3-Pt). No
exchange is seen with free ligand in solution. The diagnostic spectroscopic signatures confirm
stable complexation.

Slow diffusion of diethylether into chloroform solutions of 2-M or 3-M (M = Ni, Pd, Pt)
afforded single-crystals suitable for X-ray diffraction. In each case, high quality single-crystals
with long-range order were obtained as a CHCl;-solvate. The metal complexes of L2 (2-M) and
L3 (3-M) are isostructural with previously reported structures of 1-Ni, 1-Pd and 1-Pt (Figure
4).1%¢ In each structure, the three nitrogen donor atoms of the ligands are coplanar with the
coordinated metal atom, with M-Cl distances increasing with the size of the divalent metal ion
(Table 2). The trans influence of the amido N donor in L1 was previously suggested to be
minimal, as the amido N was found to bind selectively trans-disposed to strong trans influence
alkyls/hydrides when a cis disposition was possible.?? Direct comparison of trans influence of the
amido N in 2-M/3-M to 1-M through solid-state M-Cl bond distances is complicated by the
presence of close-contacts between CHCl; and the chloride ligand in the crystal lattice of 2-M
and 3-M. Complexes of the two phenanthridine-containing ligands (2-M, 3-M) show statistically
indistinguishable M-Cl bond distances, consistent with similar trans influences of the amido N in

L2 and L3.
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The trans influence of phenanthridine as a ligand can be thought of as similar to that of
pyridine; statistically indistinguishable Pt-N bond distances were reported trans to the N-
heterocyclic donor in cis-[Pt(NHj;),(phenanthridine)Cl][OSO,CF;] and cis-
[Pt(NH;),(pyridine)C1][OSO,CF;].» In all 2-M complexes, the phenanthridinyl N(1)-M distances
are shorter than the quinolinyl N(3)-M distance trans to them, and also shorter than the
corresponding phenanthridinyl N(3)-M bond distance in 3-M (which is trans to a phenanthridinyl
donor), however the values are not distinguishable outside of the 3o statistical limit (Table 2).
The comparable bond distances suggest similar donor strengths for the phenanthridinyl and

quinolinyl arms as well, however they may also be a consequence of the rigid tridentate ligand

scaffold.
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Figure 4. ORTEPs?! with thermal ellipsoids shown at 50% (2-Pd, 3-Ni, 3-Pd) and 30% (2-Ni)
probability levels, and hydrogens omitted for clarity. For each structure, a top view perpendicular
to the metal square plane and a bottom view along the CI-M-N(2) axis are shown. Selected bond

angles (°) for 2-Ni: N(1)-Ni(1)-N(3) 169.31(12), CI(1)-Ni(1)-N(2) 178.67(10), N(1)-Ni(1)-N(2)
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84.72(12), N(3)-Ni(1)-N(2) 84.60(13), N(1)-Ni(1)-CI(1) 95.33(9), N(3)-Ni(1)-Cl(1) 95.34(10).
2-Pd: N(1)-Pd(1)-N(3) 165.94(8), CI(1)-Pd(1)-N(2) 179.66(6), N(1)-Pd(1)-N(2) 83.05(8), N(3)-
Pd(1)-N(2) 82.89(8), N(1)-Pd(1)-Cl(1) 97.28(6), N(3)-Pd(1)-Cl(1) 96.78(6). 2-Pt: N(1)-Pt(1)-
N(3) 166.16(9), CI(1)-Pt(1)-N(2) 179.20(7), N(1)-Pt(1)-N(2) 83.29(9), N(3)-Pt(1)-N(2) 82.88(9),
N(1)-Pt(1)-Cl(1) 97.24(7), N(3)-Pt(1)-Cl(1) 96.60(7). 3-Ni: N(1)-Ni(1)-N(3) 169.48(9), CI(1)-
Ni(1)-N(2) 176.71(7), N(1)-Ni(1)-N(2) 84.84(9), N(3)-Ni(1)-N(2) 84.68(9), N(1)-Ni(1)-Cl(1)
95.20(6), N(3)-Ni(1)-Cl(1) 95.31(7). 3-Pd: N(1)-Pd(1)-N(3) 166.04(12), CI(1)-Pd(1)-N(2)
177.52(9), N(1)-Pd(1)-N(2) 82.89(13), N(3)-Pd(1)-N(2) 83.17(12), N(1)-Pd(1)-Cl(1) 97.22(9),
N(3)-Pd(1)-CI(1) 96.74(9). 3-Pt: N(1)-Pt(1)-N(3) 166.12(7), CI(1)-Pt(1)-N(2) 178.56(6), N(1)-
Pt(1)-N(2) 83.16(8), N(3)-Pt(1)-N(2) 82.98(8), N(1)-Pt(1)-CI(1) 96.84(6), N(3)-Pt(1)-Cl(1)

97.04(6).

Table 2. Selected bond distances for 1-M (from reference'®?) and 2-M/3-M (this work).

Distance (A) | M-N(1)* M-N(3)? M-N(2) M-CI(1)c | N1)-C(A) | N@3)-C(15)*
1-Ni 1.8973(16) | 1.8973(16) | 1.8586(14) | 2.1779(5) | 1.323(2) 1.326(2)
2-Ni 1.899(3) 1.906(3) 1.858(3) 2.2067(11) | 1.316(4) 1.331(5)
3-Ni 1.900(2) 1.900(2) 1.858(2) 2.2080(7) | 1.312(3) 1.311(3)
1-Pd 2.0114(19) | 2.0017(19) | 1.962(2) 2.3298(7) | 1.331(3) 1.329(3)
2-Pd 1.997(2) 2.001(2) 1.9620(19) | 2.3406(6) | 1.301(3) 1.331(3)
3-Pd 2.001(3) 2.001(3) 1.959(3) 2.3387(10) | 1.308(5) 1.301(5)
1-Pt 1.994(3) 1.999(3) 1.966(3) 2.3175(11) | 1.338(5) 1.318(5)
2-Pt 1.993(2) 1.999(2) 1.969(2) 2.3427(7) | 1.302(4) 1.331(3)
3-Pt 1.995(2) 1.991(2) 1.9779(18) | 2.3449(6) | 1.312(3) 1.315(3)

¢ Quinolinyl-N in 1-M; phenanthridinyl-N in 2-M/3-M
> Quinolinyl-N in 1-M/2-M; phenanthridinyl-N in 3-M
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¢Cl(1) shows close contact to CHCI; in lattice of 2-M/3-M

4Labeled C(10) in reference!'*

UV-Visible Absorption Spectroscopy

The electronic absorption spectra of proligands L.1-L3 and metal complexes 1-M, 2-M, and 3-
M were measured in both CH,Cl, and N,N-dimethylformamide. The absorption observed for 1-
M/2-M/3-M obeys Beers’ Law only over a limited low concentration range (< 5x10° M),
suggesting ground-state aggregation may occur at higher concentrations. The UV-Vis absorption
spectra of L1, L2 and L3 are marked by a broad peak at low energy, whose maximum shifts to
shorter wavelength (L1: 400 nm; L2: 392 nm; L3: 382 nm; Figure 5a) with increasing
conjugation. However, this low energy peak also broadens, and the onset of absorption is
observed at higher wavelengths (i.e., Agse L3 > L2 > L1). For comparison, the first absorption
band maximum of phenanthridine itself is found at 343 nm (hexanes, n-n*), shifting slightly to
346 nm in methanol, while the analogous peak for quinoline is at 311 nm (ethanol).”’
Consistent with the deep red color of all nine metal complexes, spectra collected for 1-M, 2-M
and 3-M contained a broad absorption with a maximum at ~ 500 nm (Figures 5b-d, Table 3). The
significant red shift of the lowest energy peak for L1-L3 upon coordination to a metal is
consistent with metal participation in the transition (i.e., M-n* metal-to-ligand charge transfer
(MLCT) character) in addition to ligand-centred m-m* character.!® 22 The large extinction
coefficients support the contribution of charge transfer to this transition.

In contrast to the free amines, there is no significant shift in the maximum of this broad
absorption band when changing from L1 to L2 to L3 for any of the three series of metal
complexes. This was surprising, given we intuitively expected extending ligand conjugation to

have some impact on the frontier orbital energies. Modest broadening of the low energy
15



absorption can be seen for 1-Ni/2-Ni/3-Ni and 1-Pd/2-Pd/3-Pd, with the full width at half max

(FWHM) increasing on average by 7 nm, and up to 17 nm when the FWHM for the broad

absorption of 1-Pd is compared with 3-Pd. As with L.1-L3, the onset of absorption is observed at

higher wavelengths as well (i.e., Aosee 3-M > 2-M > 1-M; M = Ni, Pd). The low energy

absorptions for 1-Pt/2-Pt/3-Pt are essentially unchanged by the alterations to the ligand

structure. The major difference to the absorption spectrum for each of the three series of metal

complexes is the appearance of up to four additional peaks at higher energy (300-430 nm), that

grow in intensity when comparing complexes of L2 and L3, and therefore result from the

phenanthridinyl arms.
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Figure 5. UV-Vis absorption spectra (CH,Cl,, 22 °C) for (a) L1-L3, (b) 1-Ni/2-Ni/3-Ni, (c) 1-

Pd/2-Pd/3-Pd, (d) 1-Pt/2-Pt/3-Pt.

Electrochemistry of 1-M, 2-M and 3-M

The invariant position of the maximum of the lowest energy absorption band observed for each
set of metal complexes led us to expect that the optical HOMO-LUMO gap is mostly unaffected
by increasing conjugation from 1-M to 2-M to 3-M, apart from a slight red shift indicated by the
shift in the long wavelength edge of the absorption spectra. Electrochemistry has been used to
evaluate trends in the relative energies of the frontier orbitals within series of similar
compounds.?

The electrochemical properties of 1-M, 2-M, and 3-M were examined in solution using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV; Figure 6, Table 3). All complexes
show irreversible reduction waves at ~ -2 V (vs Fc%; Fc = ferrocene) with no return wave
apparent at any of the tested scan rates (50-800 mV-s!). The low solubility of the compounds
results in the appearance of a pre-peak feature observed in the cathodic scans not observed at
faster scan rates, attributed to adsorption of dissolved complex onto the electrode surface.?® This
is particularly pronounced for the Pt complexes (the maximum solution concentration achieved
with 3-Pt was 0.72 mM). Comparing these reductive events for 1-M/2-M/3-M (M = Ni, Pd), a
slight anodic shift is observed with extended conjugation (1-M—2-M—3-M). This trend is in
keeping with the conventional expectation that a larger m-system would stabilize the negative
charge to a greater extent, however we are cautious in over-interpreting this observation due to
the issues with low complex solubility. In contrast, a slight cathodic shift is observed for the Pt

series, Wlth Epeak,cathodic (3'Pt) < Epeak,cathodic (2'Pt) < Epeak,calhodic (l'Pt)
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Figure 6. Cyclic voltammograms (—) and corresponding differential pulse voltammograms (---)
of 1-M, 2-M, and 3-M (1.5 mg/15 mL) in CH,Cl, with 0.1 M [nBu,N][PF¢] as the supporting
electrolyte; (a) M = Ni, (b) M = Pd, (c) M = Pt. CV scan rates were 100 mV/s. Data in the high

and low potential regions were collected in separate scans.

Quasi-reversible, broad oxidation events were also observed for all nine complexes at ~ 0.2 V
vs Fc”*+. The addition of a second fused ring in 3-M leads to the appearance of a second broad
feature at less anodic potentials. While we cannot rule out whether this feature is due to
aggregate formation, no visible deposition was observed on the electrodes following these scans;
so far we have been unable to isolate a soluble chemically oxidized cationic species. In
comparison, Pt complexes of n-extended derivatives of 1,3-bis(2-
pyridiylimino)pyrrole/pyrrolate/isoindolate exhibited reversible reductions and irreversible
oxidations.!Y The reduction and oxidation events, respectively, observed for all nine Group 10
metal complexes of L1-L.3 are within a relatively narrow potential window. This is consistent
with largely ligand-based redox events influenced by coordination to a metal;*® the redox
chemistry of organic N-heterocycle fused phenanthridines has been reported in a similar range
(0.38-1.5 V vs Fc) 3! Taking the difference between the first observed oxidation event and the
reduction peak observed by DPV (AE..q), the relative HOMO-LUMO gap for the series of
complexes can be estimated. The irreversibility of the peaks and presence of an absorption pre-
feature makes it problematic to precisely quantify the HOMO-LUMO separation using redox

data, but the relative trend for all three metals is that AE, ;.s decreases with increasing

conjugation (1-M—2-M—3-M).*
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Table 3. Electrochemical potentials and UV-Vis absorption parameters for complexes 1-3(Ni,

Pd, Pt).
FWHM
Epeak,reda/V Epeak, oX alV AEOX]_edb/V A¢/nm (S/M-lcm-110-3) A /nmd
. 301 (31.2),337 (5.2),371 (sh),
1-Ni -2.28 0.26 2.54 499 (8.0) 86
284 (25.6),313 (24.1), 339
2-Ni -2.25 0.20 245 (15.1),356 (sh), 395 (4.0), 498 89
(8.7)
: ] e 319 (274), 336 (22.9), 354
3-Ni -2.20 0.16 2.36 (15.5), 402 (6.7). 496 (7.8) 91
1-Pd -2.08 0.26 2.34 291 (29.8),372 (2.5),489 (8.8) 87
278 (22.1),306 (17.5), 338
2-Pd -2.06 0.27 2.33 (sh), 392 (3.3). 492 (6.9) 98
308 (sh), 318 (12.8), 334 (8.3),
3-Pd -2.05 0.18,0.30 2.23 398 (3.1, 489 (4.2) 104
300 (33.6),339 (7.7),356
- _ _ f
1-Pt | -2.09,-1.37 0.25 2.34 (6.6).383 (3.1), 503 (9.8) 87
314(24.3),337 (17.2),353 (sh),
- _ _ f
2-Pt | -2.10,-1407 | 0.15,0.31 2.25 405 (4.2). 503 (9.4) 91
322 (32.4),336 (27.4),354
- _ _ f
3-Pt | -2.15,-145"| 0.05,0.20 2.20 (20.1).406 (5.6). 503 (10.7) 88

@ Measured for CH,Cl, solutions with 0.1 M [nBu,N][PFs] as the supporting electrolyte, via
DPV with potentials reported referenced to the Fc”* redox couple.

b AE, = Eo,p-Erd
¢ Ambient temperature, CH,Cl,

4 Maximum of broad peak observed at lowest energy in spectrum in CH,Cl,
¢ Value represents middle of two unresolved peaks.

f Surface-based deposition observable only at slow scan rates and/or DPV.
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ELECTRONIC STRUCTURE CALCULATIONS

We carried out density functional theory (DFT) calculations, incorporating a polarizable
continuum model (DFT-PCM) to model solvent effects, and time-dependent DFT-PCM
(TDDFT-PCM) calculations to probe the impact of benzannulation on the electronic structure of
1-M/2-M/3-M, and explain the experimental UV—Vis absorption spectra. As the trends for the
Ni and Pd systems were found to be similar, only the Ni complexes are presented. The Pt
complexes were not analyzed for this work. All structures were optimized with (SMD-MO06/6-
31+G(d,p)) and optimized geometries are in good agreement with the experimental X-ray
crystallography data (see Supporting Information for details).*

The trends in calculated energies shown in Table 4 correspond well with those observed in the
experimental electrochemistry. The calculated HOMO energy levels increase with extended
conjugation of the ligand (1-M—2-M—3-M), consistent with the observed cathodic shift in
oxidation potential. The observed trend in the onset of reduction potentials is not reproduced;
however, as noted above, the irreversibility of the cathodic electrochemical events and presence
of absorption pre-features complicate precise analysis of the peak positions.

Using the optimized structures, vertical excitation energies were determined using TDDFT.
The lowest energy vertical transitions for solution (SMD) calculations are in good qualitative
agreement with the experimental absorption trends (Table 3). Consistent with the observed
experimental spectra, the increase in conjugation in the ligands has little effect on the position of
the low energy absorption of the metal complexes. However, benzannulation does impact the
nature of the absorption, as can be seen through analysis of atomic contributions to the computed

molecular orbitals.
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Our calculations on the complex with the smallest m-system (1-Ni) predict that the
HOMO-LUMO transition defines the lowest energy excitation at 494 nm (98% -calculated
contribution). The HOMO of this complex consists largely of contributions from the 7 system of
the Cs-benzo rings and amido lone pair, with small contributions from the d- and p-orbitals of the
nickel and chloride respectively, and the C-N 1 bond of the quinolinyl rings (Figure 7). The
LUMO of this system has a small contribution from the Ni but is otherwise largely delocalized

across the © system of the ligand.

P
2-Ni (LUMO+1)

P
1-Ni (HOMO) 2-Ni (HOMO) 3-Ni (HOMO)

Figure 7. Orbital diagrams of the HOMO, LUMO and LUMO+1 for 1-Ni, 2-Ni, and 3-Ni.
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The extended m system of 2-Ni produces two low energy excitations at 491 nm and 484 nm
with nearly equal oscillator strengths (Table 4). The excitation at 491 nm is dominated by the
HOMO-LUMO transition (58% calculated contribution) but contains significant
HOMO-LUMO+1 character (41% calculated contribution). The excitation at 484 nm is
dominated by the HOMO-LUMO+1 transition (57%) but contains significant HOMO-LUMO
character (41%). The HOMO of this system is similar to that of 1-Ni in that it consists largely of
contributions from the m system of the benzo moieties, the central amido lone pair and, to a
smaller extent, the C=N n-bond. The LUMO of 2-Ni consists of contributions from both ligand
arms and Ni. Qualitatively, the structure of the LUMO+1 in the calculated structure of 2-Ni more
closely resembles the orbital configuration of the LUMO of 1-Ni and is delocalized across the nt
system of the ligand (Figure 7). Further expansion of the 7 system of the ligand in 3-Ni produces
an excitation at 490 nm that is defined by the HOMO—-LUMO+1 transition (97%). The orbital
contributions of the HOMO, LUMO and LUMO+1 of the 3-Ni complex closely resemble those
of the 2-Ni complex, with the LUMO/LUMO+1 character inverted compared to 1-Ni (Figure 7).
The main impact of benzannulation in the series 1-Ni—2-Ni—3-Ni therefore appears to be to
cause the energy of the LUMO of 1-Ni to rise, while at the same time lowering the energy of the
LUMO+1 (which becomes the LUMO of 2-Ni and 3-Ni). The orbital contributions to the
HOMO, in comparison, remain largely unchanged from 1-Ni—»2-Ni—3-Ni, while the energy of
this orbital is calculated to rise slightly, in keeping with conventional expectations of extended
conjugation and consistent with the trends in the experimental anodic electrochemistry.
Interestingly, in both pseudo-C,, symmetric complexes (1-Ni and 3-Ni), only one low energy

transition has significant calculated oscillator strength and the atomic contributions to the orbitals
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involved in this transition are very similar. In the C; symmetric 2-Ni, both the HOMO—LUMO
and HOMO—LUMO+1 transitions contribute to the low energy absorptions.

This is qualitatively consistent with Gordon and Thompson’s model'? for understanding shifts
in frontier orbital energies following benzannulation: there is minimal HOMO density at the site
of benzannulation in 1-Ni by a conceptual cis-1,3-butadiene fragment. No orbital mixing or
significant change to the HOMO energy/character would therefore be expected. In contrast, there
is a bisecting nodal plane in the LUMO of 1-Ni at the site of benzannulation. There is therefore a
symmetry match with the HOMO of a cis-1,3-butadiene fragment (a,, C,, point group), which
can therefore act as an effective electron-donating group to the LUMO of 1-Ni, leading to its

destabilization.

Table 4. TDDFT Vertical Excitation Energies and HOMO, LUMO, and LUMO+1 energies for

complexes 1-Ni/2-Ni/3-Ni.

HOMO | LUMO | LUMO+1 Acale Assignment Oscillator Coefficient % Con-

(eV) (eV) (eV) (nm) Strength tribution

1-Ni -5.35 -1.90 -1.85 494.34 HOMO—LUMO 0.3698 0.70142 98.4
483.13 HOMO—LUMO+I 0.0078 0.70319 98.9

2-Ni -5.32 -1.88 -1.84 490.66 HOMO—LUMO 0.2131 0.53712 57.7
HOMO—LUMO+1 0.45206 40.9

483.83 HOMO—LUMO 0.1722 -0.45215 40.9

HOMO—LUMO+1 0.53581 57.4

3-Ni -5.28 -1.90 -1.79 496.51 HOMO—LUMO 0.0221 0.70183 98.5
485.04 HOMO—LUMO+1 0.3536 0.69707 97.2

In a relevant literature example, similarly extending ligand conjugation for a series of
annulated meso-tetraphenylmetalloporphyrins was found not to significantly impact the energy
of the HOMO and LUMO with respect to the parent porphyrin, but did lead to significant

destabilization of the HOMO-1 .3* In this case, destabilization of the HOMO-1 led to this orbital
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rising above the parent HOMO in energy (and become the new HOMO in the benzannulated
complexes), thus leading to a red shift in the absorption and emission spectra. A similar effect
occurs in the series 1-Ni—2-Ni—3-Ni, where the orbitals comprising the LUMO and LUMO+1
in the parent complex (1-Ni) formally change positions upon benzannulation (2-Ni/3-Ni). In our
series, however, the slight rise in the energy of the HOMO upon benzannulation is matched by a
similar rise in the energy of the LUMO+1. The shift in the character of the lowest energy
transition from HOMO—LUMO (1-Ni) to HOMO—LUMO/HOMO—LUMO+1 to strictly
HOMO—LUMO+1 (3-Ni) then results in similar energies for these transitions calculated by

theory and observed experimentally.

CONCLUSION

A synthetic methodology has been established allowing the preparation of a series of tridentate
proligands templated on bis(8-quinolinyl)amine (I.1), bearing one (L.2) or two phenanthridinyl
(LL3) units. Compounds L2-L3 bind as tridentate, mer-bound pincer-like amido ligands to
divalent group 10 metal ions (Ni, Pd and Pt). In contrast to the differences observed in the low
energy absorption transitions of L1-L3, the maxima observed for the lowest energy absorptions
of 1-M to 2-M to 3-M (M = Ni, Pd, Pt) do not shift appreciably, though the onset of absorption
edges to higher wavelengths, consistent with the trend of slight red shift in the HOMO-LUMO
gap estimated from electrochemistry. DFT calculations reveal that, more so than simply
impacting the frontier orbital energies, benzannulation strongly affects the atomic contributions
to the LUMO and LUMO+1, with the orbital character of these MOs in 2-M and 3-M switched
compared with 1-M. In addition, while the lowest energy absorption in the bis(quinolinyl) 1-M is

dominated by the HOMO-LUMO excitation, the analogous absorption in the
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bis(phenanthridinyl) 3-M is dominated by the HOMO-LUMO+1 excitation; the mixed
quinolinyl/phenanthridinyl 2-M has both HOMO-LUMO and HOMO-LUMO+1 character.
This suggests that complexes of ligands L.1-L.3 with heavier metals such as 1-Pt, 2-Pt and 3-Pt
may present interesting trends in their emission spectra, where a straightforward correlation with
the extent of m-conjugation may not exist and the orbital structure of the frontier orbitals may
influence other parameters such as radiative rate constants and zero-field splittings.

Investigations to this extent are currently underway in our labs.

EXPERIMENTAL SECTION

Unless otherwise specified, all air sensitive manipulations were carried out either in a N, filled
glove box or using standard Schlenk techniques under Ar. 2-Formylphenylboronic acid (AK
Scientific), N-iodosuccinimide (AK Scientific), N-bromosuccinimide (Alpha Aesar), Pd(PPh;),
(Sigma Aldrich), Pd(OAc), (Sigma Aldrich), (1,1'-diphenylphosphino)ferrocene (dppf, Sigma
Aldrich), Na,CO; (Alpha Aesar), trifluoroacetic acid (Sigma Aldrich), sodium zert-pentoxide
(NaOtPen, Sigma Aldrich), sodium fert-butoxide (NaO7Bu, Sigma Aldrich), zinc (Alpha Aesar),
hydrazine hydrate (Sigma Aldrich), formic acid (Alpha Aesar), and NiCl,-6H,O (Alpha Aesar)
were purchased and used without any further purification. 2-bromo-4-methylaniline,*> Pd(1,5-
cyclooctadiene)Cl,,*¢  Pt(1,5-cyclooctadiene)Cl,, L1, 1-NiCl, 1-PdCl and 1-PtCl'* were
synthesized according to published procedures. Organic solvents were dried and distilled using
appropriate drying agents prior to use. Distilled water was degassed prior to use. 1- and 2D NMR
spectra were recorded on Bruker Avance 300 MHz or Bruker Avance-IIl 500 MHz
spectrometers. 'H and "“C{'H} NMR spectra were referenced to residual solvent peaks.’’

Elemental analyses were performed by Microanalytical Service Ltd., Delta, BC (Canada).
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For electrochemical analysis, 1-2 mg of each compound was dissolved in 15 mL of CH,Cl,
containing 0.1 M (nBusN)PFs, and purged with Ar for 20 minutes before analysis. All
electrochemical experiments were conducted under inert (Ar) atmosphere using a CHI 760c
bipotentiostat, a freshly polished (0.03 pum alumina paste) 3 mm diameter glassy carbon working
electrode (BASi), a Ag/Ag* quasi-non-aqueous reference electrode separated by a Vycor tip, and
a Pt wire counter electrode. Cyclic voltammetric (CV) experiments were conducted using scan
rates of 50-800 mV/s. Differential Pulse Voltammetry (DPV) experiments were conducted using
a 5 mV increment, 50 mV amplitude, 0.1 s pulse width, 0.0167 s sample width, and 0.5 s pulse
period. Upon completion of all CV and DPV analyses, ferrocene (Fc) was added to the solution

as an internal standard, with all potentials reported versus the Fc”*+ redox couple.?®

Preparation of 2-bromo-6-iodo-p-toluidine: Trifluoroacetic acid (30 mol %, 1.23 mL) was
added to a stirred acetonitrile solution (300 mL) of 2-bromo-4-methylaniline (10.1 g, 53.7 mmol)
at 0 °C, followed by addition of N-iodosuccinimide (12.7 g, 56.4 mmol) in small portions over
1.5 h. The mixture was stirred for 0.5 h at this temperature, after which the ice bath was removed
and stirring continued for 2 h. The solvent was then removed in vacuo, the residue taken up in
CH,Cl,, and washed with brine (3 x 100 mL). The organic layer was dried over Na,SO,, and
volatiles removed to leave a gray solid, which was used without further purification. Isolated

yield = 16.0 g (95 %). The '"H NMR spectrum was consistent with that previously reported.*

Preparation of 2-iodo-6-nitro-p-toluidine: An identical procedure to the synthesis of 2-

bromo-6-iodo-p-toluidine was employed, using 2-nitro-p-toluidine (5.01 g, 32.9 mmol) and N-
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iodosuccinimide (12.7 g, 34.5 mmol). Isolated yield of orange solid = 7.60 g (96 %). The 'H

NMR spectrum was consistent with previously reported values.*

Preparation of 4-bromo-2-methylphenanthridine (4-Br): A 500 mL Teflon-stoppered flask
was charged with Pd(PPh;), (0.87 g, 0.75 mmol), and 50 mL of 1,2-dimethoxyethane (DME).
After stirring briefly to mix, 2-bromo-6-iodo-p-toluidine (7.80 g, 250 mmol), 2-
formylphenylboronic acid (4.16 g, 27.8 mmol) and an additional 70 mL of DME were added,
followed by Na,CO; (8.0 g, 76 mmol) dissolved in 100 mL of degassed water. The flask was
then sealed and the mixture stirred vigorously for 6 h in an oil bath (130 °C). The flask was then
allowed to cool, charged with 80 mL of 2M HCI, and refluxed for additional 2 h. The reaction
mixture was cooled, neutralized with NaOH, and pumped to dryness. The residue was then taken
up in CH,Cl, (100 mL) and washed with brine (3 x 100 mL). The organic layer was separated,
dried over Na,SO, and volatiles removed to leave yellow-brown solid. Column chromatography
on basic alumina gave a pale yellow solid (R; = 0.41; 1:5 EtOAc/hexane). Isolated yield = 6.3 g
(91 %). 'H NMR (CDCl;, 500 MHz, 22 °C): 6 9.29 (s, 1H, Cs-H), 8.52 (d, 1H, Juu = 8.3 Hz, C)¢-
H), 8.26 (s, 1H, C5-H), 8.03 (d, 1H, Jun = 7.9 Hz, C;-H), 7.90-7.77 (overlapped m, 2H, C;-H, Co-
H), 7.70 (app t, 1H, Juu = 7.5 Hz, Cs-H), 2.57 ppm (s, 3H, CH;). *C{'H} NMR (CDCl;, 300
MHz, 22 °C): 0 153.5 (Cs), 144.3 (Ca,), 142.8 (Car), 140.0 (Ca,), 137.8 (Car), 134.1 (C)), 132.1
(Can), 131.3 (Cy), 129.0 (Cy), 128.1 (Cg), 126.6 (Car), 125.6 (Ca), 1254 (Car), 122.1 (Cyp), 121.7

(G5),21.7 ppm (CHj).

Preparation of 2-methyl-4-nitrophenanthridine (4-NQO,): An identical procedure to the

synthesis of 4-bromo-2-methylphenanthridine was employed, using Pd(PPh;), (042 g, 0.36
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mmol), 2-iodo-6-nitro-p-toluidine (5.02 g, 18.0 mmol), and 2-formylphenylboronic acid (3.01 g,
20.0 mmol). Following column chromatography (R; = 0.25; 1:5 EtOAc/hexane), isolated yield of
yellow-brown solid = 4.0 g (93 %). 'H NMR (CDCl;, 300 MHz, 22 °C): 6 9.34 (s, 1H, C¢-H),
8.61 (d, 1H, Jus = 8.3 Hz, C,p-H), 8.54 (s, 1H, C5-H), 8.11 (d, 1H, Jun = 7.9 Hz, C;-H), 7.99-7.89
(m, 1H, Cy-H), 7.88-7.71 (overlapped m, 2H; C;-H, Cs-H), 2.69 ppm (s, 3H, CH;). BC{'H} NMR
(CDCl;, 300 MHz, 22 °C): 6 155.1 (Cs), 149.3 (Car), 136.8 (Ca,), 134.3 (Ca), 132.0 (Cy), 131.3
(Can), 1293 (Cy), 128.9 (Cy), 126.7 (Cap), 125.6 (Car), 125.5 (Cs), 123.8 (C)), 122.2 (Cyp), 21.9

ppm (CHs).

Preparation of 4-amino-2-methylphenanthridine (4-NH;): To a stirred solution of 4-NO,
(5.02 g, 21.0 mmol) in methanol (100 mL), Zn dust (2.75 g, 42.0 mmol), and hydrazinium
monoformate solution (54 mL; prepared by slowly neutralizing equal molar amounts of
hydrazine hydrate (50 mL) with 85% formic acid (4 mL) in an ice-water bath) were added, and
stirred vigorously at 60 °C. The resulting green suspension was cooled and filtered using celite.
The filtrate was pumped dry, the residue dissolved in CH,Cl, (100 mL), and washed with brine
(3 x 60 mL). The organic layer was dried over Na,SO,, filtered, and the volatiles removed to
leave a green-brown solid, which was purified using column chromatography (basic alumina, R
=0.25; 1:5 EtOAc/hexane). Isolated yield = 3.74 g (86 %). '"H NMR (CDCl;, 300 MHz, 22 °C):
0 9.07 (s, 1H, C¢-H), 8.52 (d, 1H, Juu = 8.3 Hz, C,,-H), 7.97 (d, 1H, Juu = 7.9 Hz, C;-H), 7.86-
7.74 (m, 1H, Co-H), 7.69-7.61 (overlapped m, 2H; C;-H, Cs-H), 6.85 (s, 1H, C;-H), 4.96 (br s,
2H, N-H), 2.51 ppm (s, 3H, CH;). “C{'H} NMR (CDCl;, 300 MHz, 22 °C): § 149.4 (C¢), 144.5
(Can), 137.8 (Cap), 132.6 (Car), 132.0 (Ca), 1304 (Cap), 128.6 (Car), 127.1 (Ca), 126.8 (Cay),

124.6 (Ca), 1224 (Cay), 113.1 (Car), 110.9 (C3), 22.4 ppm (CH).
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Synthesis of MePRenNN(H)NQU (4-methyl-phenanthridinyl)(8-quinolinyl)amine (L2): A
500 mL Teflon-stoppered flask was charged with Pd(OAc), (0.25 g, 1.10 mmol), 1,2-
diphenylphosphinoferrocene (dppf; 0.96 g, 1.76 mmol), and toluene (30 mL). After stirring
briefly, 4-Br (6.01 g, 22.0 mmol), 8-aminoquinoline (3.33 g, 23 mmol) and an additional 120 mL
of toluene were added, followed by sodium fert-pentoxide (NaOrPen; 3.60 g, 33.0 mmol) and the
mixture stirred vigorously for 72 h in an oil bath (150 °C). After cooling the flask and removing
the volatiles, the residue was taken up in CH>Cl, (120 mL), and the resulting suspension filtered
over celite and dried to leave a red solid, which was purified using column chromatography
(basic alumina; 1:5 EtOAc/hexane; R¢ = 0.5). Isolated yield = 6.8 g (93 %). 'H NMR (CDCl;,
500 MHz, 22 °C): 6 10.69 (br s, 1H, N-H), 9.27 (s, 1H, Cs-H), 8.99 (dd, 1H, Jun = 4.1, 1.7 Hz;
QuinC ,-H), 8.57 (d, 1H, Jun = 8.3 Hz; P""Cx-H), 8.14 (dd, 1H, Jun = 8.2, 1.6 Hz; QinCx-H),
8.04 (d, 1H, Juu = 7.7 Hz; PP*"Ca-H), 7.94 (d, 1H, Jun = 7.6 Hz; QU"Cy,-H), 7.86 (s, 1H, PPenCy,-
H), 7.85 (s, 1H, Ph"Ca-H), 7.83-7.77 (m, 1H, PP*"Cu-H), 7.67 (app t, 1H, Jun = 7.7 Hz; P""Ca,-
H), 7.54 (app t, 1H, Jun = 7.9 Hz, Qi"Ca-H), 7.45 (dd, 1H, Juu = 8.2, 4.2 Hz; QWinCa,-H), 7.32 (d,
1H, Jun = 8.1 Hz, QnCa-H), 2.65 ppm (s, 3H, CH3). BC{'H} NMR (CDCls, 500 MHz, 22 °C):
8 150.1 (PhenCp H), 148.1 (WInCxH), 140.2 (Car), 139.4 (Car), 139.2 (Car), 137.5 (Car), 136.2
(UinCaH), 133.8 (Car), 132.6 (Car), 130.6 (P'"CaH), 129.1 (Car), 128.7 (PhenCuH), 127.3
(inCaH), 127.2 (P"CaH), 126.4 (Car), 124.8 (Car), 122.4 (PP"CpH), 121.7 (QinCyH), 117.7
(inCyH), 112.8 (P'"CaH), 112.6 (P'"CaH), 109.8 (UinCaH), 22.9 ppm (CH3). UV-Vis

(DMF): A (g) 267 (45 400), 308 (14 700), 392 nm (17 650 M-'em").
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Synthesis of MePhenNN(H)NPhen-Me  pig(4-methylphenanthridinyl)amine (L.3): A 500 mL
Teflon-stoppered flask was charged with Pd(OAc), (0.25 g, 1.10 mmol), dppf (0.96 g, 1.76
mmol), and 30 mL of toluene and stirred briefly. Next, 4-Br (6.02 g, 22.1 mmol), 4-NH, (5.01 g,
24.0 mmol) and an additional 120 mL of toluene were added, followed by NaOrPen (3.60 g, 32.6
mmol). The flask was then sealed and the mixture stirred vigorously for 72 h in an oil bath (150
°C) then dried in vacuo. Isolation and work up was as for L2 (R; = 0.5; 1:5 EtOAc/hexane).
Isolated yield = 7.9 g (90 %). 'H NMR (CDCl;, 300 MHz, 22 °C): 6 10.63 (br s, 1H, N-H), 9.29
(s, 2H, Cs-H), 8.61 (d, 2H, Juy = 8.3 Hz, Cy,-H), 8.08 (app d, 2H, Jus = 8.0 Hz, C;-H), 7.90-7.80
(overlapped m, 6H; C,-H, C;-H, Co-H), 7.73-7.67 (app t, 2H, Jun = 7.5 Hz, Cs-H), 2.67 ppm (s,
6H, CH;). *C{'H} NMR (CDCl;, 300 MHz, 22 °C): 6 150.1 (*rC,H), 139.7 (**"C,,), 137.6
(PrenCy,), 133.9 (PrenCly,), 132.7 (PrenCy,), 130.7 (PrenCyH), 128.8 (PrenCy H), 127.3 (**"C,H), 127.0
(PrenCy,), 124.9 (PrenCy,), 122.5 (PrenCyH), 112.7 (PrenCyH), 112.5 (PrenC,H), 23.0 ppm (CH3). UV-

Vis (DMF): A (g) 266 (44 800), 297 (24 500), 307 (shoulder), 382 nm (17 050 M-'cm™).

Synthesis of (MePhenNNNQUm)NiCl (2-Ni): NiCle6H,0 (0.14 g, 0.6 mmol) and NaOrBu (60
mg, 0.63 mmol) were added as solids to a solution of L2 (0.2 g, 0.6 mmol) in CH,Cl, (10 mL)
and the mixture stirred vigorously at 50 °C for 12 h. The resulting red suspension was allowed to
cool and the volatiles removed in vacuo. The residue was then washed with diethylether (3 x 10
mL) and ethanol (3 x 10 mL). While the solubility of 2-Ni is poor in general, it was observed to
be highest in CHCI; compared with other common organic solvents. Isolated yield = 0.209 g (81
%).'H NMR (CDCl;, 300 MHz, 22 °C): 6 9.05 (s, 1H, Ca-H), 8.71 (d, 1H, Juu = 4.8 Hz, C4,-H),
8.43 (d, 1H, Jun = 8.3 Hz, Cs-H), 8.13 (d, 1H, Jun = 8.2 Hz, Ca-H), 797 (d, Jun = 1H, 7.9 Hz,

Ca-H), 7.85 (t, 1H, Juu = 7.6 Hz, Cs-H), 7.64 (t, 1H, Juu = 7.5 Hz, Cs-H), 7.55 (d, 1H, Jun =79
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Hz, Ca-H), 7.50-7.32 (overlapped m, 3H, Ca-H), 7.29 (t, 1H, Juy = 5.4 Hz, Co-H), 6.93 (d, 1H,
Jun = 8.0 Hz), 2.58 ppm (s, 3H, CH). 3C{'H} NMR (CDCls, 500 MHz, 22 °C): 154.1 (CaH),
150.5 (CaH), 148.4 (Car), 148.3 (Car), 147.7 (Car), 140.8 (Car), 139.9 (CaH), 138.6 (CaH),
133.0 (Car), 132.6 (CaH), 130.0 (CaH), 129.8 (Car), 129.5 (CaH), 127.8 (CaH), 126.3 (Can),
125.5 (Car), 122.4 (CaH), 121.1 (CaH), 22.8 ppm (CHs). UV-Vis (DMF): A (¢) 282 (25 750),
311 (21 800), 337 (13 200), 360 (sh), 400 (sh), 485 nm (8 400 M-'cm"). Anal. Calcd for

CHsNsNiCl: C, 64.46; H, 3.76. Found: C, 64.30; H, 3.99.

Synthesis of (MePhenNNNQin)PACl (2-Pd): To a stirred solution of L2 (0.22 g, 0.66 mmol) in
10 mL of THF, Pd(COD)CI, (0.17 g, 0.60 mmol), and NaOzBu (0.060 g, 0.63 mmol) were
added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The residue was then washed with
diethylether (3 x 10 mL) and ethanol (3 x 10 mL). Solubility is similar to 2-Ni. Isolated yield =
0.228 g (83 %). 'H NMR (CDCl;, 500 MHz, 22 °C): 6 9.27 (s, 1H, Ca-H), 8.96 (br s, 1H, Ca-
H), 8.43 (d, 1H, Juu = 8.6 Hz, CA-H), 8.17 (d, 1H, Juy = 8.0 Hz, CA-H), 8.00 (d, 1H, Juys = 7.9
Hz, Ca-H), 7.86 (app t, 1H, Jun = 7.3 Hz, Cs-H), 7.67 (app t, 1H, Juy = 7.0 Hz, Ca-H), 7.54 (s,
1H, Ca-H), 7.48-7.43 (overlapped m, 2H, Cu,-H), 7.40-7.31 (m, 1H, Ca-H), 7.0 (br s, 1H, Ca,-
H), 2.60 ppm (s, 3H, CH;). BC{'H} NMR (CDCl;, 500 MHz, 22 °C): 6 151.8 (CaH), 1499
(Can), 1498 (Cap), 1489 (CaH), 1483 (Cap), 1414 (Cap), 140.1 (CaH), 138.7 (CaH), 132.8
(Can), 132.7 (CoH), 131.3 (Ca)), 129.9 (CsH), 129.6 (CaH), 128.1 (CoH), 1269 (Cu), 126.2
(CaH), 122.6 (CsH), 121.2 (CoH), 114.8 (CoH), 114.2 (Cap), 112.5 (Cay), 110.7 (Ca,), 22.8 ppm

(CH;). UV-Vis (DMF): A (g) 266 (30 000), 277 (28 850), 307 (22 050), 336 (sh), 392 (4 250),
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489 nm (9 950 M-'cm!). Anal. Calcd for C,3H{N;PdCl: C, 58.00; H, 3.39. Found: C, 57.54; H,

3.37.

Synthesis of (MePhenNNNQin)PtCl (2-Pt): To a stirred solution of compound L2 (0.20 g, 0.60
mmol) in 10 mL of THF, Pt(COD)CI, (0.22g, 0.60 mmol), and NaOsBu (0.06 g, 0.63 mmol)
were added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension
was allowed to cool, and the volatiles removed in vacuo. The residue was then was washed with
diethylether (3 x 10 mL) and acetonitrile (3 x 10 mL). Solubility is similar to 2-Ni and 2-Pd.
Isolated yield = 0.239 g (71 %). '"H NMR (CDCl;, 500 MHz, 22 °C): 6 9.49 (s, 1H, Ca-H), 9.17
(d, 1H, Jun = 4.7 Hz, CAo-H), 8.40 (d, 1H, Jus = 8.2 Hz, CA-H), 8.22 (d, 1H, Jus = 8.1 Hz, CA-H),
8.02 (d, 1H, Juuy = 7.8 Hz, C-H), 7.86 (app t, 1H, Jun = 7.5 Hz, CA-H), 7.67-7.65 (overlapped
m, 2H, Ca-H), 7.53 (s, 1H, CA-H), 7.47-7.40 (overlapped m, 2H, C4,-H), 7.36 (dd, 1H, Jun = 7.9,
4.9 Hz; Cs-H), 6.97 (d, 1H, Jug = 7.7 Ca-H), 2.60 ppm (s, 3H, CH3). *C{'H} NMR (CDCl;, 500
MHz, 22 °C): 0 151.1 (CaH), 149.3 (Cay), 149.2 (Cuy), 148.7 (Ca), 148.3 (CaH), 1422 (Ca)),
140.0 (CaH), 138.8 (CaH), 132.9 (CaH), 132.7 (CaH), 131.5 (Car), 129.9 (CaH), 1294 (CAH),
128.2 (CaH), 127.0 (Car), 1262 (Cay), 122.6 (CoH), 121.2 (CaH), 1154 (CoH), 114.7 (Ca)),
113.5 (Cay), 111.1 (CaH), 22.8 (CH3) ppm. Anal. Calcd for C,3HsN;PtCl: C, 48.90; H, 2.85.

Found: C: 48.64; H: 2.87.

Synthesis of (MePhenNNNPhen-Me)Nj(C] (3-Ni): To a stirred solution of L3 (0.20 g, 0.50 mmol) in
CH,Cl, (10 mL), NiCl,»6H,O (0.12 g, 0.50 mmol) and NaO7Bu (0.052 g, 0.53 mmol) were
added, and then stirred vigorously at 50 °C for 12 h. The resulting red suspension was allowed to

cool, and the volatiles removed in vacuo. The red residue was then washed with diethylether (3 x
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10 mL) and ethanol (3 x 10 mL). Isolated yield = 0.221 g (89 %). 'H NMR (CDCl;, 500 MHz, 22
°C): 0 9.10 (s, 2H, Cx-H), 8.43 (d, 2H, Jux = 8.3 Hz, C4,-H), 8.00 (d, 2H, Jux = 8.1 Hz, Ca-H),
7.92-7.81 (m, 2H, Ca-H), 7.65 (app t, 2H, Jun = 7.5 Hz, Ca-H), 7.48 (s, 2H, Ca,-H), 7.36 (s, 2H,
Car-H), 2.60 ppm (s, 6H, CH;). *C{'H} NMR (CDCl;, 500 MHz, 22 °C): 0 154.0 (CaH), 139.9
(CaH), 133.0 (Cay), 132.6 (CaH), 130.0 (CoH), 127.8 (CaH), 126.3 (Ca,), 125.6 (CsH), 1224
(CaH), 116.24 (Cy,y), 113.3 (Car), 109.2 (C4H), 107.1 (CaH), 23.0 ppm (CH3). UV-Vis (DMF):
A () 265 (22 300), 274 (sh), 319 (13 600), 339 (11 250), 358 (7 500), 398 (sh), 498 nm (4 100

M-'cm™). Anal. Calcd for C,sH,N3;NiCl: C, 68.27; H, 4.09. Found: C, 68.28; H, 4.11.

Synthesis of (Me-PhenNNNPhen-Me)Pd(C] (3-Pd): To a stirred solution of L3 (0.22 g, 0.55 mmol)
in THF (10 mL), Pd(COD)Cl, (0.14 g, 0.50 mmol), and NaO7Bu (0.050 g, 0.53 mmol) were
added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The red residue was then washed with
diethylether (3 x 10 mL) and ethanol (3 x 10 mL). Isolated yield = 0.211 g (78%). 'H NMR
(CDCl;, 500 MHz, 22 °C): 6 9.38 (s, 2H, Cs-H), 8.50 (d, 2H, Jus = 8.3 Hz, Ca,-H), 8.08 (d, 2H,
Jun = 7.9 Hz, Cs-H), 7.94-7.87 (m, 2H, Ca-H), 7.72 (app t, 2H, Jun = 7.4 Hz, Cs-H), 7.67 (s,
2H, Ca-H), 7.53 (s, 2H, Ca-H), 2.66 ppm (s, 6H, CH;). C{'H} NMR (CDCl;, 500 MHz, 22
°C): & 151.8 (CaH), 132.8 (CaH), 130.0 (CaH), 128.2 (CoH), 122.7 (CsH), 22.9 ppm (CH,).
The poor solubility of 3-Pd precluded assignment of all peaks in the BC{'H} NMR spectrum.
UV-Vis (DMF): A (g) 266 (31 350), 318(16 200), 335 (10 550), 397 (3 800), 496 nm (5 350 M-

'cm). Anal. Calcd for C,3sH,N;PdCle(CHCI»): C, 52.80; H, 3.21. Found: C, 52.72; H, 3.01.
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Synthesis of (MePhenNNNPhen-Me)Pt(Cl (3-Pt): To a stirred solution of compound (0.22 g, 0.55
mmol) in THF (10 mL), Pt(COD)CI, (0.14 g, 0.5 mmol), and NaO7Bu (0.050 g, 0.53 mmol) were
added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The red residue was washed with
diethylether (3 x 10 mL) and acetonitrile (3 x 10 mL). Solubility of the 3-Pt was generally poor
in all organic solvents. Isolated yield = 0.226 g (65 %). 'H NMR (CDCl;, 300 MHz, 22 °C):
9.58 (s, 2H, Ca-H), 8.45 (d, 2H, Jux = 8.3 Hz, Ca-H), 8.07 (d, 2H, Jux =7.9 Hz, CA-H), 7.93-
7.86 (m, 2H, Ca-H), 7.77-7.60 (overlapped m, 4H, Ca,-H), 7.47 (s, 2H, Ca,-H), 2.65 ppm (s, 6H,
CH;). BC{'H} NMR (CDCl;, 500 MHz, 22 °C): 8 151.0 (CoH), 140.0 (CsH), 132.7 (CsH),
129.9 (CaH), 128.3 (CaH), 126.2 (CoH), 122.7 (CoH), 22.9 ppm (CH;). Six aromatic carbon
signals could not be assigned in the *C NMR spectrum due poor solubility. Anal. Calcd for

CysHooN5PtCl: C, 53.47; H, 3.20. Found: C, 52.83; H, 3.31.

Computational Details

All calculations were carried out using the Gaussian 09 program package.*! Initial geometries
were taken from X-ray crystallographic data and were optimized with M06/6-31+G(d,p) method.
Vibrational frequencies were computed at the same level to identify structures as energy
minimum or transition state structures and to evaluate zero-point vibrational energies (ZPVE)
and thermal energies at 298 K. Solvation effects (CH,Cl,) were modeled using the SMD
approach. SMD-TDDFT calculations were conducted using M06/6-31+G(d,p) with solvent
equilibration. The first 50 states were considered in all SMD-TDDFT calculations to cover UV

and visible range of the spectrum.
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A series of tridentate ligands containing phenanthridinyl (3,4-benzoquinolinyl) units are
presented, providing a template for exploring systematic m-extension in pincer-like amido
complexes of Group 10 metals. Unlike related benzannulated complexes, extending conjugation
did not significantly impact the energy of the lowest energy absorption (A,.) of the metal
complexes. TD-DFT revealed that benzannulation changes the orbital contributions to A.x, With

an increasingly important role for the HOMO to LUMO+1 transition with extended conjugation.
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