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ABSTRACT

Brightly emissive platinum(IT) complexes (Aemission, max = 607-612 nm) of the type "LPtCl are reported,
where RL is a cyclometallated N*C ~N-coordinating ligand derived from 1,3-di(2-trifluoromethyl-4-
phenanthridinyl)benzene (“**LH) or 1,3-di(2-tert-butyl-4-phenanthridinyl)benzene (*"LH). Metathesis
of the chlorido ligand can be achieved under mild conditions, enabling isolation of ionic compounds
with the formula [“**LPtL']PFs where L' = pyridine or (4-dimethylamino)pyridine (DMAP), as well as
the charge-neutral species "LPt(C=C-CsHy-Bu) (C=C-CsHy-Bu = 4-tert-butylphenylacetylido).
Compared with N*N"N-ligated Pt(II) complexes that form 5-membered chelate rings, these compounds
all contain 6-membered rings. Expanding chelate ring size from 5 to 6 has previously been
demonstrated to enhance emission in some N"N"N-coordinated Pt(Il) species — for example, in
complexes of 2,6-di(8-quinolinyl)pyridine vs. those of 2,2":6',2"-terpyridine — but in related N C "N-
coordinated species, luminescence quantum yields are significantly lower for the 6-membered chelate
ring complexes. Here, we demonstrate that site-selective benzannulation of the quinolinyl side-arms
can offset the deleterious effect of changing the chelate ring-size and boost photophysical properties
such as the quantum yield. Density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations suggest that benzannulation counterintuitively destabilizes the emissive triplet states
compared to the smaller s-system, with the ‘imine-bridged biphenyl’ form of the phenanthridinyl arm
helping to buffer against larger molecular distortions, enhancing photoluminescence quantum yields up
to 0.09 + 0.02. The spontaneous formation under acrated conditions of a Pt(IV) derivative “**LPtCl; is

also reported, together with its molecular structure in the solid state.



INTRODUCTION

Phosphorescent chromophores are in continual demand for applications ranging from
chemosensing'” to bioimaging’ >, light emitting diodes®® and artificial photosynthesis.” Square planar
platinum(II) complexes are particularly useful in such contexts thanks to the strong spin-orbit coupling
(SOC) of the heavy element'® combined with a developed understanding of how ligand design
strategies'' can destabilize deactivating metal-centered (MC) states in favor of luminescent charge-
transfer (CT) ones. Cyclometallated ligands based on aryl-substituted heterocycles exert strong ligand
fields through the synergy of o donation and & acceptance and so are particularly useful, evidenced, for
example, by the contrast between [Pt(tpy)Cl]" (tpy = 2,2":6',2"-terpyridine), which is barely emissive at
room temperature (@, = 0.0004),'> and Pt(dpyb)C] which is brightly phosphorescent (dpybH = 1,3-
di(2-pyridyl)benzene; T = 7.2 ps, Om = 0.6; Figure 1)."

Beyond altering donicity, changing a chelating ligand’s bite angle can also boost quantum
yields by improving orbital overlap. For example, tridentate N*N"N scaffolds that form six-membered
rings may display more intense emission than analogs with five-membered rings, as in the case of
[Pt(dqpy)CI]PFs (1 = 16 ps, @ym = 0.036 in dichloromethane at room temperature; dqpy = 1,3-di(8-
quinolyl)pyridine),'* again compared with [Pt(tpy)Cl]". In that case, exchange of 2-substituted
pyridines for 8-substituted quinolines relaxes the constraints placed on the ligand in adopting the
preferred square-planar geometry of Pt(Il): a nearly linear N-Pt-N bond angle of 178.8° is observed,
contrasting a much more acute 163.5° in [Pt(tpy)CI]ClO,."> This also strengthens the ligand field,
destabilizing metal-centred excited states, favoring emission. A similar trend is well-documented for
pseudo-octahedral Ru(II) complexes containing tridentate ligands.'®!” Yet, for cyclometallated N"C
N-coordinated Pt(Il) emitters, increasing chelate ring size to improve the bite angle proved to have the
opposite effect: compared with Pt(dpyb)Cl which boasts five-membered chelate rings, Pt(dgb)Cl (dgb
= 1,3-di(8-quinolyl)benzene) exhibits a significantly lower radiative rate constant (k, = 1100 versus

83000 s™'; attributed to diminished metal participation in the excited state) and hence a much smaller
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quantum yield (0.016).'* Similarly, a tridentate ligand that binds via 6-membered chelate rings using 7-
N-substituted azaindole moieties was found to be non-emissive,'* as was the N*C "N-coordinated Pt(II)
complex of 1,8-bis(2-pyridyl)anthracene'® despite an ostensibly more favorable ligand geometry at the

metal center in both cases.

Pt(dpyb)CI Pt(dgb)ClI Pt(dpb)ClI

Figure 1. Structures of Pt(dpyb)Cl"”, Pt(dqb)Cl"* and Pt(dpb)Cl (dpb = 1,3-di(4-

phenathridinyl)benzene; this work) with the respective chelate ring sizes indicated in italics.

We recently demonstrated that introducing site-selective benzannulation in the form of
phenanthridinyl (3,4-benzoquinoline) units to chelating, pincer-like diarylamido scaffolds can boost the
phosphorescence intensity from their Pt(II) complexes. These emit in the deep red, with unusually
narrow emission band shapes. Despite prevailing expectations, site-selective benzannulation induces a
significant shift of emission to higher energy, decreasing the observed Stokes’ shift through heightened
molecular rigidity owed to the phenanthridinyl units enhanced ability to resist molecular reorganization
in their excited states compared to quinolinyl congeners.'” Substituents in the 2-position of the
phenanthridinyl arms can further modulate luminescence, contingent on the substituent’s electron
donor/acceptor character.”” Curious as to the ability of ligand benzannulation to potentially offset the
deleterious effect of increased chelate-ring size in cyclometallated Pt(II) emitters by impacting
radiative/non-radiative decay rates, we decided to investigate the use of site-selective benzannulation to
construct cyclometallated pincer-type ligands that combine a central aryl donor with flanking, 6-

membered chelate-forming, phenanthridinyl arms. Platinum chlorido complexes of these ligands are



impressively bright emitters, indicating that 6-membered chelates are not necessarily detrimental to the

photophysical properties of tridentate cyclometallated platinum complexes.

RESULTS AND DISCUSSION

Ligand and Complex Design and Synthesis

The ligands and complexes reported in this study are summarized in Scheme 1. Two phenanthridinyl
NAC(H)"N proligands, containing either an electron-withdrawing trifluoromethyl group (“*LH) or an
electron-releasing rert-butyl substituent (**LH) in the 2-position of the phenanthridinyl moieties, were
prepared via Pd-catalyzed cross-coupling of the respective 4-bromophenanthridines with benzene-1,3-
diboronic acid (Scheme 1a). The identity of the substituent on the phenanthridine ring did not
significantly influence the isolated yield of the proligand (“"*LH: 76%, ®"LH: 68%), but their different

solubilities did dictate how they were isolated (see Experimental Section and SI for details).
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Scheme 1. Synthesis of (a) proligands "LH (R = CF3, /Bu) and their platinum(II) chlorido complexes
RLPtCI (R = CF3, Bu), (b) ionic analogs [“**LPtL'][PFs] (L' = pyridine, DMAP) and (c) the acetylido

tBu

derivative " LPt(C=C-Cg¢Hs-/Bu). The IUPAC numbering system for phenanthridines is illustrated for

RLH.



Complexation of the proligands to platinum was then pursued®' by heating a mixture of the
corresponding proligand and potassium tetrachloridoplatinate in glacial acetic acid to 100 °C under an
argon atmosphere (Scheme 1a). Both “**LPtCI and ™"LPtCI precipitated from the reaction mixture and
were isolated by vacuum filtration as yellow powders in 85 and 79% yield, respectively. As with the

f ®"LPtC] was superior to “LPtCl and the former was characterized in

proligands, the solubility o
solution via multinuclear NMR. Its '"H NMR spectrum confirmed the coordination of the ligand to
platinum through three distinct features: (1) the disappearance of the central aryl proton resonance
(C16H; triplet at 8.11 ppm in ®"LH); (2) a downfield shift of the phenanthridinyl HC=N resonances

BT H to 10.17 ppm); and (3), the appearance of '*’Pt satellites for this signal (*Jpu = 46.2

(9.34 ppm in
Hz). The downfield shift of the HC=N proton resonance upon binding to an electrophilic transition
metal center is a consistent feature of square-planar Group 10 coordination complexes of
phenanthridinyl-based pincer-type ligand frameworks.”** The insolubility of “**LPtCl precluded
collection of meaningful 'H or ?C NMR spectra, although a resonance could be observed by '’F NMR
for the trifluoromethyl substituents of ““*LPtCl in chloroform (8 = -62.2 ppm).

Interestingly, while the complexes were judged to be generally stable to ambient air and
moisture, diffusion of hexanes vapor into a chloroform solution of ““LPtCl over 3 months** deposited
crystals of an oxidized trichlorido Pt(IV) species (“**LPtCls) indicating that ““*LPtCl is unstable
towards oxidation via reaction with chloroform over longer time periods. Indeed, refluxing “*’LH with
K,PtCl, in glacial acetic acid under an aerobic atmosphere led to the appearance of a new resonance in
the '""F NMR spectrum (8 -62.0 ppm) just downfield of the peak assigned to “**LPtCl. Further reflux of
this mixture as a chloroform suspension led to a maximum of 93% conversion to “LPtCl; by "°F
NMR, with a persistent 7% “*’LPtCl remaining. The increased solubility of the Pt(IV) species enabled

assignment of its '"H NMR spectrum, which shows evidence of binding with a smaller Pt-H coupling

constant (*Jpg; = 33.5 Hz) of the CH=N of the phenanthridinyl arms. This lower 3 Jou value is consistent



with coordination to Pt(IV) in a pseudo-octahedral environment, as square planar Pt(II) complexes
usually display stronger Pt-H coupling compared to 6-coordinate Pt(IV).*°

Substitution of the chlorido ligand of “"LPtCl with L-type donors was then undertaken to
increase the solubility of the subsequent salts in polar solvents. In particular, ““*LPtCl was reacted with
an excess of either pyridine (py) or 4-(dimethylamino)pyridine (DMAP) in the presence of AgPFe.
Recrystallization from acetone and diethyl ether enabled isolation of [CF3LPt(py)]PF6 and
[“LPt(DMAP)]PFs as spectroscopically pure yellow powders in 60% and 94% yield, respectively.
Consistent with the stronger donor ability of the para-substituted DMAP, the fully intact cationic
component could be observed by HRMS for [“**LPt(DMAP)]", while the major peaks in the spectrum
of [“**LPt(py)]PFs corresponded to the complex with loss of pyridine, [*"*LPt]", with signals for
[“"LPt(py)]" appearing with ca. 10° x lower intensity. An increase in solubility was noticeable for
[“"*LPt(py)]PFs and [“LPt(DMAP)]PFs compared with “LPtCl, with both salts readily soluble in
acetone. Multinuclear (‘H, °C, ""F) NMR spectroscopic analysis confirmed installation of the new N-
donor ligand with the peaks for the additional ligand accompanying '°F signals for a PFs counterion
and appearing with appropriate integrations.

An acetylido derivative ®"LPt(C=C-C¢H,-/Bu) was also prepared. Adding a mixture of 4-tert-
butylphenylacetylene (HC=C-C¢Hs-fBu) and sodium methoxide as base in methanol to a
methanol/dichloromethane (4:1, v/v) solution of ®"LPtCl and stirring under ambient conditions for 24
h led to ~70% conversion (‘H NMR). Performing the reaction at slightly elevated temperature (50 °C)
and resubmitting the isolated reaction mixture to the reaction conditions with additional equivalents of
acetylene helped boost conversion, giving the acetylido product in 78% yield. As with
[“LPt(DMAP)]", the intact molecular ion, [P*LPt(C=C-CsH,-fBu)]", is observed by HR-MS. The
trans influence of the cyclometallating ligand is thus balanced by the binding strength of the co-ligand

(pyridine, DMAP or acetylido). As pyridine is the weakest binding of the three, pyridine detachment is



more prominently observed in the gas-phase compared with the stronger o-donor DMAP or the anionic

acetylido which bears an additional electrostatic attraction to the Pt(II) center.

Solid-State Structures

The structures of ®"LH, three of the Pt(II) complexes and the Pt(IV) species were determined in
the solid-state by X-ray diffraction. Single crystals of ®"LH were grown at -15 °C from a methanol
solution (Figure S1; see SI for further discussion). Crystals of the platinum complexes suitable for X-
ray diffraction analysis were grown by vapor diffusion into solutions of the complexes (see
Experimental Section). The structures (Figure 2 and Table 1) confirm the expected connectivity, and in
each case, short C=N (N1-C1/N2-C21) bonds are evident, consistent with the ‘imine-like’ biphenyl
resonance character typical of phenanthridine’s tricyclic fused ring system.”” The structure of
B Pt(C=C-C¢H4-Bu) confirmed the replacement of the chlorido ligand by 4-(tert-
butyl)phenylacetylido, although the diffraction data indicated the presence of residual co-crystallized
UL PtCl in the sample analyzed (around 5%). The Pt-C bond length in “**LPt(IV)Cl; [Pt1-C18 =
2.006(6) A] is slightly longer than the Pt(II)-C bonds [B'LPtCl: C(16)-Pt(1) = 1.979(13) A;

[“"LPt(pyr)][PFe]: Pt1-C16 = 1.962(4) A] and consistent with literature reports on Pt(II) vs. Pt(IV).*"
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Figure 2. Solid-state structure of (a) "LPtCl, (b) [“LPt(py)]PFs, (c) ®"LPt(C=C-CsH4-1Bu) and (d)
CF3LPtCl; with thermal ellipsoids shown at 50% probability levels. Hydrogen atoms, co-crystallized

solvent molecules and counterions omitted for clarity.



Table 1. Bond lengths (A), bond angles (°), and torsional angles (°) of selected Pt complexes.

Parameter Buy PtCl  [“LPt(py)][PEs] ™"LPt(C=C-C¢Hs-tBu) Pt(dgbV™)C1* Pt(dpyb)ClI”  ™"LPtCl;
Pt-Nari / A 2.018(10) 2.024(5) 2.036(4) 2.035(3) 2.041(6) 2.037(3)
Pt-Naro/ A 2.019(10) 2.021(3) 2.030(4) 2.035(3) 2.033(6) 2.037(3)

Pt-Car/ A 1.979(13) 1.962(5) 1.994(5) 1.992(5) 1.907(8) 2.006(6)

Pt-X°/ A 2.403(4) 2.125(4) 2.059(8) 2.451(1) 2.417(2) 2.456(2)

Nari-Pt-Naro/ © 179.3(4) 177.6(2) 177.2(2) 177.8(2) 161.1(2) 178.6(2)
Car-Pt-X €/ ° 178.4(4) 176.4(2) 178.7(3) 180.0 179.0(2) 180.0
Cart-Pt-Nap1 / ° 90.2(5) 90.7(2) 89.2(2) 91.1(1) 80.9(3) 90.7(1)
Caryt-Pt-Naro / © 90.3(5) 90.2(2) 88.8(2) 91.1(1) 80.1(3) 90.7(1)

Nar.1-Ce=n1-Ce=n 2-
Noavs torsional angle / ° 53.7(10) 51.0(4) 55.2(5) 46.2(3) 2.0(7) 53.2(4)
T 0.016 0.043 0.029 0.02 0.14 n/a

“ dqb™Me = 4,6-dimethyl-1,3-di(8-quinolyl)benzene. Data from reference '*.
’ Data from reference '

“ X = coordinating atom of #rans co-ligand (X = Cl in each case except the acetylido and pyridine complexes for which X = C and N
respectively).
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In all four compounds, the ligand twists to a remarkable degree to maintain a square-planar
arrangement of the three ligating atoms of the N*C "N unit and the monodentate ligand about the metal.
The 14 values™ calculated for the Pt center in the three four-coordinate complexes (**LPtCl 0.016;
[“LPt(py)]" 0.043; ®"LPt(C=C-CsH4-1Bu) 0.029) are very close to the ideal value of 0.0 for a square-
planar geometry, as are those of the optimized structures (Table S4), thanks to the N-Pt-N and C-Pt-X

angles being so close to 180° (Figure 3).

tBu] PtCl [CF3LPt(py)]* tBu] Pt(C=CArBuv)
Interplanar
angle / ° 40.1 37.8 44.0
N-Pt-N/° 179.3(4) 177.6(2) 177.2(2)
T 0.016 0.043 0.029

Figure 3. View of solid-state structures of ®"LPtCl, [“"*LPt(py)]PFs and ®"LPt(-C=C-C4sH4-1Bu)
highlighting the twist in the tridentate ligand chelate while maintaining square-planar geometry at the
metal center. Interplanar angles are the average of the two angles between the planes of the

phenanthridine and the central phenyl ring.

Photophysical Properties

The absorption spectra of the Pt(I) complexes are shown in Figure 4 together with that of Pt(dqb)Cl,
grouped to aid comparison, with data compiled in Table 2. The spectra of the complexes are
qualitatively similar to one another, with high energy bands (300-350 nm) consistent with the presence

of benzannulated phenanthridinyl ligand arms with energetically accessible, vacant m* orbitals.*’
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Compared with related complexes of N*N "N-type diarylamido pincer ligands bearing phenanthridinyl
donors, which present strong, defined absorption bands at ~500 nm and are deep red in color, the
lowest energy features of the N*C "N-supported complexes appear as shoulders at ~400 nm, consistent
with the yellow color of the complexes. Such bands, absent in spectra of the proligands, are likely due
to dp¢| mL — ;L charge-transfer states that arise from metallation (vide z'nfm).33

Comparing the spectra of ®"LPtCl with the quinoline analogue Pt(dgb)Cl in the first instance
(Figure 4a), the lowest-energy absorption band is somewhat blue-shifted in the former, contrary to what
might be expected intuitively based on the notion of more extended m conjugation leading to lower-
energy excited states. We return to this point later. The introduction of the acetylido ligand leads to a
small red-shift and longer low-energy tail (Figure 4a), consistent with the o-donating nature of the
acetylido raising the energy of filled metal orbitals involved in the CT state. There is also a small red-
shift on going from ®"LPtCl to “"*LPtCl, which can be rationalized in terms of the stabilization of the
ligand mt* orbitals by the electron-withdrawing CF3 groups. A similarly slight shift to lower energy of
the lowest absorption manifold is seen for Fe(Il) complexes of CF; versus rBu-substituted
phenanthridine-containing diarylamido ligands.>* The replacement of the chlorido ligand by pyridine or
DMAP shifts Amax to shorter wavelength (Figure 4b), consistent with the change from an anionic to
neutral donor stabilizing the filled metal orbitals. The effect is evidently partially offset by the electron-
donating NMe, group in the DMAP complex, with Ams clearly in the order “™LPt(py) <

BLPY{DMAP) < “LPtCl.
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Figure 4. UV-Vis absorption spectra of (a) = LPtCl and its acetylido derivative, together with the
quinolyl analogue Pt(dgb)Cl for comparison; (b) “*LPtCl and its pyridyl and DMAP derivatives, in

CH,Cl; at 295 K in each case. Spectra are normalized to the longest wavelength feature, in each case.
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Table 2. Absorption and Emission Data of Pt complexes”

Absorption Emission” 77 K

C I A /DM Emission b /s ﬁ)é Sk / | Oéc i;[):/ 1
omplex (e/ A /DM lym Tius gld 10°s'¢ e s Ao /Dm  T/ps
10°M 'em ™)
243 (73.5),
o3 333(216),  575(sh), 009+  16+2 573,
LPtCl 380 (9.12), 607 002 pxo1; & 99 > o3 2
408 (6.25)
248 (68.7), 548,
Buy PCl 32377, ° sggzh), o(.)o(z);zi [lli(f 12] 4 50 4 593, 41
404 (11.8) ' : 643
242 (89.5), <
o3 307 (41.8),  572(sh), 006+  18+2 :
[ LPGYIPFs 346 34.7), 605 002 [1201] ° >0 > 5;& 26
399 (15.2)
[“"LP(DMAP) 4 4254 ?851842'5)5) 576(sh),  0.05 = 18£2 50 s 560, 33
] PF, 105 (303, 610 001  [120.1] 603
MLpc=C-  34T(9.0)  S8S(sh) 002+  22%02 o ] 560, 4,
CHeBu)  427(sh,6.77) 612 001 [0.6£0.1] 604
320 (67.5), | 575,
g 3s6@9.9), O %‘]‘ 70 i 626, 28
420 (31.5) 676

“In degassed CH,Cl, at 295 K, except where indicated otherwise. ” Measured in degassed solution using [Ru(bpy)3]Clag)
as the standard; estimated uncertainty in @ is £20% of the reported values. © Luminescence lifetimes in degassed solution;
corresponding values in air-equilibrated solution are given in square parentheses; estimated uncertainty is +10% of the
reported values. “Radiative k. and nonradiative >k, rate constants estimated from the quantum yield and lifetime,
assuming that the emissive state is populated with unit efficiency upon light absorption, through the relationships &, = ®/z;
ky = (1 — ®)/z. Values are given to one significant figure only, reflecting the intrinsic uncertainty in experimental ® and t©
values. “Bimolecular Stern—Volmer constant for quenching by molecular oxygen, estimated from the lifetimes in degassed
and air-equilibrated solution and assuming [O,] = 2.2 mmol dm* in CH,Cl, at atmospheric pressure of air. /In diethyl ether
/ isopentane / ethanol (2:2:1 v/v). € The 77K spectrum is consistently poor for this complex, likely due to low solubility in
the frozen glass. "Data for Pt(dgb)Cl are from ref."* ' Emission is too weak for the luminescence lifetime of this complex to
be measured under air-equilibrated conditions.

All of the complexes are luminescent in degassed solution at room temperature, emitting orange
light with broad, unstructured profiles centered at ~610 nm (spectra of selected complexes are shown in
Figure 5 and data for all are compiled in Table 2). A shoulder to the high-energy side of the maximum
in each case hints at some vibrational structure with the 0,0 component being somewhat less intense
than the 0,1 (or higher) vibrational levels. Indeed at 77 K (Figure 5b), vibrational structure becomes
well-resolved with a progression of around 1400 cm ™' typical of aromatic units, and the 0,1 component

band seen to be the most intense. The emission is strongly red-shifted relative to that of Pt(dpyb)Cl
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(Mmax = 491 nm in CH,Cl, at room temperature'®), consistent with the more extended m conjugation of
phenanthridine compared to pyridine. But the emission maxima are blue-shifted relative to the

quinoline analogue Pt(dgb)Cl, despite the more extended ; system of phenanthridine compared to

quinoline (Amax = 645 and 610 nm for Pt(dqb)C1'* and PULPtCI respectively). This follows previously
reported trends of counter-intuitive, hypsochromic shifts in emission energy for transition metal

33361920 There is a very small blue-shift in the

complexes of phenanthridinyl-containing ligands.
emission upon changing from a /Bu to a CF; substituent in the phenanthridine, and essentially no effect
on Amax Upon exchange of chlorido for the neutral or acetylido donors.

The quantum yields of luminescence in solution are quite respectable, reaching 0.09 + 0.02 for
PLPtClin degassed CH,Cl; at 295 K. These values rival that of the archetypal phosphorescent emitter
[Ru(bpy)s]*" (bpy = 2.2'-bipyridine) and are one to two orders of magnitude larger than those displayed
by N*N ~N-ligated Pt(II) complexes of related phenanthridine-based diarylamido ligands.*® Apart from
the acetylido derivative, the values are all considerably superior to that of Pt(dgb)CL'* The
luminescence decay profiles follow monoexponential (or approximately monoexponential) kinetics
(see Figures S69-S73) with lifetimes (t) in the range of 16 to 19 pus, with the exception of the acetylido
complex for which 1 is substantially shorter. There is no evidence of concentration quenching (at least

tBu

for concentrations up to 3 x 10 M for ®"LPtCl) nor excimer formation, in contrast to Pt(dpyb)Cl
P 19

which shows clear excimer emission around 700 nm at concentrations in excess of about 4 x 10> M."
The excitation spectra match the absorption spectra closely, showing that the emissive state is
formed with something approaching unit efficiency. This allows the radiative (k) and non-radiative
(Zknr) rate constants to be estimated from the lifetimes and quantum yields (Table 2, footnote d). There
is a modest reduction in Xk, compared to Pt(dgb)Cl (as might be expected given the lower-energy
emission from the latter) but what is more striking is the significantly higher k. values in the

phenanthridine complexes that serve to facilitate the emission. While improved, the radiative rates are
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still lower than brighter emitters such as Pt(dpyb)Cl and fac-Ir(ppy)s (ppy = 2-phenylpyridine).’” This
suggests a lower participation of the metal in the excited state, diminishing the contribution of the
metal’s spin-orbit coupling in facilitating the formally spin-forbidden phosphorescence. The acetylido

complex ™"

LPt(C=C-CsHy-1Bu) has the highest & value, which can probably be attributed to the o-
donating nature of the acetylido raising the energy of filled metal orbitals such that the metal
participates more in the excited state; however, non-radiative decay is also increased in this complex,

and to a much greater extent. Some insight into why this is so emerges from TD-DFT calculations that

are discussed in the next section.

a b .
“LPtCI
— CF3
N LPtCI | 7k
> — BuLPtCl > W2\ W RS 295 K
2 Bul Pt(C=CAr) 2
_ [ u E r _
2 L Pt(dgb)Cl
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() ()
E E
o o
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Figure 5. Photoluminescence spectra of (a) "> LPtCl, ®"LPtCl and its acetylido derivative, together
with Pt(dgb)C1 for comparison in CH,Cl, at 295 K in each case; (b) ®"LPtCl and Pt(dgb)Cl at 77 K in
a glass of diethyl ether / isopentane / ethanol (2:2:1 v/v) (solid lines), with the corresponding 295 K

spectra re-shown as dashed lines for comparison.
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Computational Analysis

Density functional theory (DFT) and time-dependent DFT (TD-DFT) modeling was performed to gain
insight into the photophysics of the series. Ground-state molecular orbital (MO) energy level diagrams
are shown in Figure 6. The highest occupied molecular orbital (HOMO) in each complex has
significant metal character (~20-30%), as well as orbital density on the cyclometallated phenyl ring and
the co-ligand. The contribution of the co-ligand to the HOMO is smallest for [’ LPt(py)]” and largest
for "LPt(C=C-C¢H4-1Bu) and [“"*LPt(DMAP)]". The chlorido co-ligands in ®LPtCl contribute an
intermediate amount. The relative energy of this orbital does not track exactly with this contribution, as
the acetylido complex has the most destabilized HOMO of the series while the energies of the HOMOs
of [“*LPt(DMAP)]" and [“*LPt(py)]" are relatively similar and the lowest of the series.

Each complex has two closely spaced, low-lying vacant phenanthridine-based orbitals (LUMO,
LUMO+1) which are m* in nature. As befits phenanthridinyl-type ligands, these orbitals are heavily
localized on the C=N subunit of the tricyclic fused ring systems.’® The biggest impact to the energies of
these acceptor orbitals is the charge on the complex. The LUMO and LUMO+1 are lower in energy in
[“*LPt(L")]" compared to the three neutral complexes. For "LPtCl (R = ¢Bu, CF3), introducing an
electron-withdrawing group on phenanthridine stabilizes both the occupied and unoccupied frontier
MOs. A larger stabilization is seen in the LUMO (CF3LPtC1: Erumo = -2.37 eV; Buy PtCl: Erumo = -
2.10 eV; AE ymo = -0.27 eV) and LUMO+1 (“**LPtCl: ELumos1 = -2.35 eV; B"LPtCL: E; ymos1 = -2.09
eV; AELumo = -0.26 V) of ““*LPtCl when compared to the HOMO (“*’LPtCl: Enomo = -6.14 €V;
BU PtCl: ELumo = -5.96 eV; AELumo = -0.18 eV), reproducing the shift to lower energy of Amax

observed by UV-Vis spectroscopy. This is consistent with what has been observed for CFs-containing
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luminescent iridium(IIl) complexes of cyclometallated ligands in which both the HOMO and LUMO

are stabilized, but the latter more so, inducing similar bathochromic shifts.*
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Figure 6. Molecular orbital diagram of selected orbitals and their energies (RIJCOSX-ZORA-SMD-

PBEO0-D3(BJ)/def2-TZVP+SARC-ZORA-TZVP//SMD-MO06L-D3(BJ)/def2-SVP; isosurface = 0.05).

For the lowest energy absorption manifold, [dp7(Caryi)t+n(co-ligand)]—n*(phenanthridine)
charge-transfer character is evident from both the MO diagrams and population analysis (see SI). Time-
dependent density functional theory (TDDFT) simulations accurately reproduce the experimental
spectra. A number of closely spaced absorptions are responsible for the higher energy features, but the

low energy shoulder almost exclusively arises from strong HOMO—LUMO+1 transitions. This
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contrasts with the character of the lowest energy absorption of Pt(dgb)Cl which is mainly
HOMO—-LUMO in nature.'* The LUMO and LUMO+1 isosurfaces are nearly identical and both have
significant orbital density on the C=N subunit of the phenanthridinyl arms that is ©* in character, but
with differing symmetry with respect to the two ligand arms: the two n*(C=N) orbital fragments are
antisymmetric with rotation about the pseudo-C, molecular axis in the LUMO, and symmetric in the
LUMO+1. The HOMO, with contributions from the Pt(dy,), Cl(py) and aryl n-type orbitals, is also
antisymmetric with respect to C, rotation. Accordingly, for the most symmetric species (e.g., "LPtCI),
the HOMO—LUMO excitation has a much smaller transition dipole compared to the
HOMO—LUMO-+I transition, and the oscillator strength of the former is negligibly low (see SI for
further discussion). For Pt(dqp)Cl, DFT calculations show the LUMO to be more delocalized about the
smaller quinolinyl m-system, alleviating symmetry concerns.'* Indeed, when the chlorido ligands in
RLPtCI are exchanged for larger ancillary ligands, the pseudo-C, symmetry of the complexes is lifted
further and the HOMO—LUMO transition is turned on with increasing intensity: for [“*>LPt(DMAP)]"
the HOMO—LUMO transition is ~1% of the height of the HOMO—LUMO+1 transition, while for
tB“LPt(CEC-C6H4-tBu) this transition is about 50% as intense as the HOMO—LUMO+1 transition and
both excitations contribute strongly to the lowest-energy absorption. In any case, the low energy
transitions can be assigned as charge-transfer (CT) in nature as the occupied frontier orbitals are
heavily based on the chelating carbanionic aryl ring and platinum center, with some additional
contribution from the co-ligand.

While the character of the transitions and HOMO-LUMO gap of the platinum complexes differ,
the emission profiles of all the complexes are nearly identical despite changes to the co-ligand and
charge. This implies that the emissive state has significant ligand character at the expense of metal
involvement, in line with the aforementioned discussion of k.. Comparing the geometries and bonding

parameters of the optimized ground-state (So) and lowest-lying triplet state (T;), only one bond to Pt

19



(Pt-N) is seen to elongate in the excited state (average Ad(Pt-N) = +0.032 A). The remaining Pt-N bond
(average Ad(Pt-N): -0.25 A), Pt-C bond (average Ad(Pt-C): -0.012 A) and the Pt bond to the ancillary
ligand (Pt-X) contract slightly (Table S15). Only the Pt-N,y, bond in [“"*LPt(py)] is left unchanged in
the excited state. Metal-centered states in which a strongly antibonding metal-ligand orbital is
populated should result in elongation of metal-ligand bonds. These observations support the idea —
central to the use of cyclometallated aryl-heterocycle ligands — that by combining a strongly donating
ligand with good m-acceptors, undesirable MC excited states will be destabilized in favor of radiative
CT states. The biggest difference between ground-state and excited-state geometries is observed for
BU Pt(C=C-C¢H4-1Bu). In the optimized T structure for this complex, a major change in the C-Pt-C
bond angle is observed (So: 179.9°; T,: 154.7°; AC-Pt-C: 25.2°) compared with the rest of the series
(average AC-Pt-X: 2.2°; X = coordinating atom of trams co-ligand). This change may explain the
higher Zk, and hence lower emission efficiency of this complex, as excited state distortion invariably
promotes non-radiative vibronic deactivation.

As seen with related NN "N-ligated Pt(II) complexes of phenanthridine-containing diarylamido

19,20

ligands, the C=N sub-unit of the phenanthridinyl ligand arms buffer against more widespread
molecular distortions in the optimized T, structures (Figures S14-S20). Namely, the elongation of the
C=N bond on one ligand arm is the most pronounced distortion in all complexes, aside from
tB“LPt(CEC-C6H4-tBu) in which both the C=N sub-unit and Pt-Cjcctyiidgo bonds are impacted to similar
degrees [A(C=N) = 0.065 ®"LPtCl; 0.055 “"*LPtCl; 0.060 [“**LPt(pyr)]"; 0.059 A [“"*LPt(DMAP)]";
0.043 ®"LPt(C=C-C¢H4-rBu)]. This phenanthridinyl donor is the one that undergoes a Pt-N bond
contraction in the excited state, consistent with introduction of Pt"-N* charge-transfer character. The

localization of the m-accepting character of phenanthridine at the C=N sub-unit accentuates the N

character in the T; state. In comparison, the same C=N bond elongates to a much smaller degree in the
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optimized T, state of Pt(dpyb)Cl (A(C=N) = 0.007 A), and the corresponding reduction in the Pt-N
distance is smaller (0.013 A).

The similarities between the experimental emission profiles can be reproduced computationally
by calculating the difference in energy of the optimized T; state (Er;) and the single-point energy of the
structure with this optimized T, geometry and singlet multiplicity (Eti@so): only minor differences in
the so-determined calculated phosphorescence energy (Eyeriphos) are predicted (Table S16). The fidelity
of the emission profiles can be further understood by visualization of the spin density (Figure S21).
This shows that all the complexes have very similar character in the triplet states, with what appears to
be seemingly no change depending on the phenanthridine R group and only minor dependence on the
ancillary ligand. In general, these plots indicate spin density in the T, state on one of the phenanthridine
moieties along with the platinum center and, to a smaller degree, the chelating aryl ring. The calculated
T, energies are intermediate between those of Pt(dpyb)Cl and Pt(dgb)Cl, in line with the observed
differences in emission wavelength. Similarly, the energetic cost of geometry relaxation of the T, state
to the Sy state, which can be estimated by calculating the corresponding relaxation energy (Ar),* is
lowest for the brightest emitter (Pt(dpyb)CL, Ar = 0.23 eV) and highest for the weakest emitter
(B"LPt(C=C-C¢H4-Bu), Ar = 0.60 eV), with intermediate values obtained for the remaining

compounds (~0.3 eV).

Conclusions

In summary, 1,3-di(4-phenanthridinyl)benzenes "LH have been shown to form platinum(II) complexes
of the type "LPtX and [FLPtL']" that are quite brightly photoluminescent in the orange region of the
spectrum. Their emission is blue-shifted compared to a previously described quinolyl analog,
Pt(dqb)C1,'* despite the more extended 7 conjugation of the phenanthridine compared to quinoline
units, a result that is in line with a series of recent studies on phenanthridine-based complexes which
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have shown how site-selective benzannulation can be used to destabilize triplet states. > We trace this
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effect using DFT and TDDFT to the unique orbital character of the phenanthridinyl ligand arms which
serves to localize the acceptor orbitals (e.g., LUMO, LUMO+1) particularly at the C=N sub-unit;
accordingly, the nature of the substituent R in the 2-position has rather little influence on the emission
properties. The chlorido co-ligand of the initially formed RLPtC1 complexes can be readily exchanged
for other neutral and anionic donor ligands, mostly without compromising the emission. While the
quantum yields reported here trail those of very strongly emissive neutral Pt(II) complexes of
tridentate, dianionic 2,6-bis(1H-1,2,4-triazol-5-yl)pyridine-based N "N"N -ligands,*' for example, this
study shows how site-selective benzannulation can overcome the detrimental effect of enlarging the
chelate ring-size in N*C "N-supported Pt(Il) emitters. Notwithstanding the generally favorable impact
of arylacetylido co-ligands on the photophysical properties of platinum(Il) complexes of diimine and
triimine ligands and of some cyclometalated ligands,” the introduction of an acetylido as the
monodentate ligand in this instance is disadvantageous despite favorably increasing metal character in

the excited state, due to greatly increased non-radiative decay.

EXPERIMENTAL

General Information

Air-sensitive manipulations were carried either in a N,-filled glove box or using standard Schlenk
techniques under Ar.  4-Bromo-2-(trifluoromethyl)phenanthridine®  and  4-bromo-2-(tert-
butyl)phenanthridine® were synthesized according to literature procedures. 1,3-Benzene diboronic acid
(Combi  Blocks), tetrakis(triphenylphosphine)palladium  (Millipore =~ Sigma),  potassium
tetrachloridoplatinate (Alfa Aesar), pyridine (Fisher Scientific), 4-(dimethylamino)pyridine (Alfa
Aesar), silver (I) hexafluorophosphate (TCI America), 4-tert-butyl-phenylacetylene (Sigma Aldrich)
and other common reagents were purchased from commercial suppliers and used without further
purification. For moisture-sensitive manipulations, organic solvents were dried and distilled using

appropriate drying agents. 1- and 2D NMR spectra were recorded on Bruker Avance 300 MHz or
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Bruker Avance — III 500 MHz spectrometers. 'H, and “C{'H} NMR spectra were referenced to
residual solvent peaks. High resolution mass spectra (HRMS) were recorded using a Bruker

microOTOF-QIII mass spectrometer. Elemental analysis was carried out at Micro-Analysis, Inc.

(Wilmington, DE).

Synthesis of 1,3-bis(4-(2-trifluoromethyl)phenanthridinyl))benzene
“FLH: A thick-walled Teflon-stoppered flask was charged with 4-bromo-2-
(trifluoromethyl)phenanthridine (0.570 g, 1.80 mmol), 1,3-benzene diboronic
acid (0.150 g, 0.880 mmol), toluene (4.4 mL) and ethanol (8.8 mL).

Tetrakis(triphenylphosphine)palladium (0.051 g, 0.044 mmol) was then

added, followed by additional toluene (4.4 mL) and a solution of sodium CFs

carbonate (0.930 g, 8.79 mmol) in water (4.4 mL). Argon was bubbled through the solution for 10 min
while stirring. The flask was then sealed and stirred for 72 h in an oil bath set at 130 [J. The solution
was then cooled to room temperature and dichloromethane (~200 mL) was added. The resulting
organic layer was washed with deionized water (50 mL) followed by a saturated solution of sodium
chloride (2 x 50 mL). The organic layer was collected, dried over sodium sulfate, filtered and volatiles
were removed in vacuo. The residue was taken up in ethanol and the mixture heated to boiling
temperature, then filtered while hot over Celite. Any filtered soluble material was pulled through the
filter with ~75 mL CH,Cl, and dried to isolate a spectroscopically pure white solid. Yield = 0.340 g
(68%). "H NMR (CDCl3, 300 MHz, 22°C): § 9.42 (s, 2H; Ci-H), 8.90 (d, “Jun = 0.7 Hz, 2H; C\3-H),
8.71 (d, *Jun = 8.3 Hz, 2H; Ce-H), 8.11 (m, 4H; C311-H), 8.05 (t, “Jun = 1.5 Hz, 1H; C16-H), 7.96 (ddd,
Jun = 8.4, 7.3, *Jun = 1.3 Hz, 2H; Cs-H), 7.82 (m, 4H; C4.17-H), 7.71 ppm (dd, *Jun = 8.4, 7.0 Hz, 1H;
Cis-H). "C{'H} NMR (CDCls, 75 MHz, 22 °C): & 155.3 (C)), 142.8 (Cv), 138.8 (Cis), 133.2 (Cs),
132.6 (Cs), 131.8 (Cs), 130.5 (Ci7), 129.1 (C3), 128.7 (C12), 128.6 (Cs), 128.3 (), 128.0 (Ci3), 126.5

(Cy), 126.2 (q, “Jrc = 3.1 Hz; C1y), 124.5 (Cio), 122.3 (Cs), 119.4 ppm (q, “Jrc = 4.1 Hz; Ci3). A
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resonance for Cj4 could not resolved in the ?C{'H} NMR spectrum. "F{'H} NMR (CDCl;, 282 MHz,
22 °C): & -61.8 ppm. HR-MS (APCI-TOF) m/z: [M + H]" calculated for [C34H9FsN2]": 569.1447;

found: 569.1483.

Synthesis of 1,3-bis(4-(2-tert-butylphenanthridinyl))benzene BULH: An
identical procedure was followed as for “*LH using 4-bromo-2-(tert-
butyl)phenanthridine (1.02 g, 1.60 mmol), 1,3-benzene diboronic acid
(0.268 g, 1.60 mmol), toluene (8.0 mL) and ethanol (16 mL);

tetrakis(triphenylphosphine)palladium (0.090 g, 0.081 mmol), additional

tBu

toluene (8.0 mL), sodium carbonate (1.72 g, 16.0 mmol) and water (8.1
mL). A spectroscopically pure brown solid was isolate by recrystallization in a solution of 9:1
methanol: water. Yield = 0.670 g (76%). "H NMR (CDCls, 300 MHz, 22 °C): § 9.34 (s, 2H; C-H), 8.74
(d, *Jun = 8.3 Hz, 2H; Ce-H), 8.66 (d, *Jun = 2.1 Hz, 2H; Ci3-H), 8.11 (t, *Jun = 1.5 Hz, 1H; C 6-H),
8.05 (m, 4H; Cs,11-H), 7.88 (m, 4H; Cs.17-H), 7.72 (m, 3H; C4.15-H), 1.58 ppm (s, 18H; C1o-H). PC{'H}
NMR (CDCl;, 75 MHz, 22 °C): § 152.6 (C1), 149.6 (C12), 141.5 (Cy), 140.5 (Cs), 140.2 (Cis), 133.0
(Cip), 133.0 (C7), 130.7 (Cs), 130.2 (Ci7), 129.0 (C3); 128.8 (Ci1), 127.4 (Ci13), 127.3 (Cs), 126.4 (C»),
124.0 (Cip), 122.1 (Cs), 117.3 (C13), 35.5 (C14), 31.7 ppm (C19). HR-MS (APCI-TOF) m/z: [M + H]"

calculated for [C4H37N,]": 545.2951; found: 545.2921.

Synthesis of 1,3-bis(4-(2-trifluoromethylphenanthridinyl))benzene platinum chloride ““LPtCI: A
100 mL Teflon-stoppered flask was charged with ““*LH (0.050 g, 0.088 mmol), potassium
tetrachloridoplatinate (0.044 g, 0.11 mmol), and glacial acetic acid (33 mL). The solution was degassed
by 3 freeze-pump-thaw cycles. After refilling with argon, the flask was sealed and stirred in an oil bath
set to 100 °C for 48 h. The resulting solution was cooled to room temperature, vacuum filtered, and the
precipitate was washed with deionized water (~20 mL), pentane (~20 mL), and diethyl ether (~20 mL)
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resulting in a yellow powder. Yield = 0.060 g (85%). The complex was found to be highly insoluble
preventing acquisition of meaningful 'H or >C NMR spectra. "F{'"H} NMR (CDCls, 282 MHz, 22
°C): & -62.2 ppm. HR-MS (APCI-TOF) m/z: [M - CI]" calculated for [C3sH7F6PtN2]": 762.0941;
found: 762.0969. This complex was found to be unstable in chlorinated solvents over extended periods
of time, forming the oxidized octahedral Pt(IV) complex “*LPtCl;, as identified by single-crystal X-

ray diffraction.

Synthesis of 1,3-bis(4(-2-fert-butylphenanthridinyl)benzene platinum
chloride ®"LPtCl: A 100 mL Teflon-stoppered flask was charged with
BULH (0.050 g, 0.092 mmol), potassium tetrachloridoplatinate (0.046 g,
0.11 mmol), and glacial acetic acid (34 mL). The solution was degassed by

3 freeze-pump-thaw cycles. After refilling with argon, the flask was sealed

and stirred in an oil bath set to 100 °C for 48 h. The resulting solution was

cooled to room temperature, filtered and the precipitate collected and washed with deionized water
(~20 mL), pentane (~20 mL) and diethyl ether (~20 mL). A spectroscopically pure yellow powder was
isolated. Yield = 0.056 g (79%). '"H NMR (CDCls, 300 MHz, 22°C): & 10.17 (s, *Jous = 46.2 Hz, 2H;
Ci-H), 8.62 (d, *Jun = 8.5 Hz, 2H; Ce-H), 8.52 (d, “Juu = 1.5 Hz, 2H; C,3-H), 8.38 (d, *Jun = 1.6 Hz,
2H; Cy1-H), 8.07 (d, *Jun = 7.9 Hz, 2H; C3-H), 7.97 (t, *Jun = 7.7 Hz, 2H; Cs-H), 7.66 (t, *Jun = 7.5 Hz,
2H; C4-H), 7.55 (d, *Jun = 7.7 Hz, 2H; Cy7-H), 7.35 (t, *Juu = 7.7 Hz, 1H; Cis-H), 1.59 ppm (s, 18H;
Cio-H). PC{'H} NMR (CDCls, 75 MHz, 22 °C): § 160.1 (C)), 151.1 (Cy), 141.2 (C1s), 136.0 (C1o),
135.8 (Co9), 133.1 (Cs), 133.1 (C2), 130.0 (C3), 128.5 (Cie), 128.3 (Cy), 127.2 (C17), 126.4 (Cy), 126.3
(C), 125.8 (Cig), 124.6 (Cy), 122.2 (Ce), 116.6 (C13), 35.5 (C14), 31.6 ppm (C10). HR-MS (APCI-TOF)

m/z: [M - C1]" calculated for [C4oH3sPtN,]": 738.2446; found: 738.2411.
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Synthesis of 1,3-bis(4-(2-trifluoromethylphenanthridinyl))benzene
platinum pyridine hexafluoridophosphate [“’LPt(py)]PFs: A round
bottom flask was charged with “*LPtCI (0.050 g, 0.063 mmol), pyridine
(13 uL, 0.16 mmol) and dichloromethane (16 mL). The solution was stirred

at room temperature and after 1 h, a solution of AgPFs (0.019 g, 0.076

mmol) in methanol (5.8 mL) was added. The reaction mixture was protected

from light and stirred at room temperature overnight. The resulting AgCl was filtered off and solvent
removed in vacuo. The product was recrystallized in a 1:2 mixture of diethylether and acetone,
depositing a spectroscopically pure yellow powder. Yield = 0.037 g (60%). 'H NMR ((CD3),CO, 500
MHz, 22°C): § 9.28 (d, “Jun = 0.7 Hz, 2H; C3-H), 9.15 (d, *Jun = 8.4 Hz, 2H; Cs-H), 9.11 (s, 2H; C;-
H), 8.69 (d, “Jun = 1.4 Hz, 2H; Cy;-H), 8.27 (ddd, *Jun = 8.4, 7.1, *Jun = 1.3 Hz, 2H; Cs-H), 8.16 (m,
2H; Cio-H), 8.07 (tt, *Jun = 7.7, *Jun = 1.5 Hz, 1H; Cy-H), 7.93 (dd, *Jun = 8.0, *Jun = 0.8 Hz, 2H; Cs-
H), 7.85(ddd, *Jup= 7.9, 7.1, *Jun= 0.6 Hz, 2H; C4-H), 7.78 (d, *Jun = 7.8 Hz, 2H; C\7-H), 7.47 ppm
(overlapped m, 3H; Ciga0-H). “C{'H} NMR ((CD3),CO, 126 MHz, 22 °C): § 162.3 (C}), 152.0 (C1o),
143.4 (C1s), 141.2 (Ca1), 139.2 (Cy), 136.5 (Cs), 136.2 (Cio), 133.7 (C7), 131.2 (q, *Jrc = 32.9 Hz; C1y),
131.2 (Cy), 130.6 (C3), 129.2 (C17), 128.3 (Cig), 128.2 (Cap), 127.6 (C2), 126.7 (Cy), 124.3 (q, *Jec = 3.0
Hz; C11), 124.3 (Ce), 120.5 ppm (q, *Jec = 4.1 Hz; C3). Resonances for Ci4 and Cy¢ were not resolved
in the "C{'H} NMR spectrum. "F{'H} NMR ((CD3),CO, 471 MHz, 22 °C): & -62.5 (s, 6F; Fphen), -
71.8 (s, 3F; PFs), -73.3 ppm (s, 3F; PFs). >'P{'"H} NMR ((CD3),CO, 202 MHz, 22 °C): § -144.3 ppm
(sep, PFs). HR-MS (APCI-TOF) m/z: [M - pyr]™ calculated for [C34H17F¢N,Pt]": 762.0941; found:

762.0905.

Synthesis of 1,3-bis(4-(2-trifluoromethylphenanthridinyl))benzene _ %= = 7

F3C 12

platinum (4-dimethylamino)pyridine hexafluoridophosphate
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[C*LPt(DMAP)]PFs: A round bottom flask was charged with ““*LPtCI (0.050 g, 0.063 mmol), (4-
dimethylamino)pyridine (0.019 g, 0.16 mmol) and dichloromethane (16 mL). The solution was stirred
at room temperature and after one hour a solution of AgPFs (0.019 g, 0.076 mmol) in methanol (5.8
mL) was added. The reaction mixture was protected from light and stirred at room temperature
overnight. Solid AgCl was then filtered off and the solvent removed in vacuo. The product was
recrystallized in a 1:2 mixture of diethylether and acetone, depositing a spectroscopically pure yellow
powder. Yield = 0.061 g (94%). '"H NMR ((CD3),CO, 500 MHz, 22°C): & 9.29 (d, “Jux = 0.7 Hz, 2H;
Ci3-H), 9.19 (m, 4H; C1¢-H), 8.69 (d, *Jun = 1.3 Hz, 2H; Cy1-H), 8.29 (ddd, *Juu = 8.4, 7.2, *Jun = 1,2
Hz, 2H; Cs-H), 8.00 (d, *Jun = 7.9 Hz, 2H; Cs-H), 7.89 (ddd, *Ju = 7.8, 6.9, *Jun = 0.6 Hz, 2H; C4-H),
7.79 (d, *Jun = 7.8 Hz, 2H; Cy7-H), 7.49 (m, 2H; Co-H), 7.44 (t, *Jun = 7.7 Hz, 1H; C 3-H), 6.53 (m,
2H; Ca-H), 3.03 ppm (s, 6H; Cao-H). “C{'H} NMR ((CD3),CO, 126 MHz, 22 °C): § 162.5 (C}), 155.8
(Ca1), 150.1 (Ci9), 143.7 (Cis), 139.4 (Cy), 136.3 (Cs), 136.2 (Cio), 133.7 (Cs), 131.1 (Cs), 130.7 (C3),
129.1 (C17), 127.9 (Cig), 127.6 (C7), 126.6 (C3), 124.3 (overlapping peaks, Cs11), 120.3 (q, *Jrc = 3.2
Hz; Ci3), 109.3 (Cy), 39.3 ppm (Cz). Resonances for Ci,, Ci4 and Ci¢ were not resolved in the
BC{'H} NMR spectrum. "F{'H} NMR ((CD3),CO, 471 MHz, 22 °C): & -62.5 (s, 6F; Fppen), -71.9 (s,
3F; PF), -73.4 ppm (s, 3F; PFs). *'P{'"H} NMR ((CD;),CO, 202 MHz, 22 °C): & -144.3 ppm (sep,

PFs). HR-MS (APCI-TOF) m/z: [M]" calculated for [C41H27FsN4Pt]": 884.1786; Found: 884.1796.

Synthesis of 1,3-bis(4-(2-tert-butylphenanthridinyl))benzene 4-
tert-butylphenylacetylene ™"LPt(-C=C-C¢H4-7Bu): A round bottom
flask was charged with sodium methoxide (0.004 g, 0.065 mmol), 4-
tert-butylphenylacetylene (12 pL, 0.065 mmol) and methanol (1 mL).

The solution was then stirred at room temperature under nitrogen and

after 30 min a suspension of ®"LPtCl (0.050 g, 0.065 mmol) in a

mixture of methanol (38 mL) and dichloromethane (10 mL) was added. The solution was stirred in an
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oil bath heated to 50 °C. After 24 h, the reaction mixture was cooled to room temperature and the
solvent removed in vacuo. The resulting solid was washed with deionized water (~15 mL) and pentane
(~15 mL) and then collected. The collected yellow-orange solid was resubmitted following the same
procedure, leaving a spectroscopically pure yellow-orange powder. Yield = 0.047 g (81%). '"H NMR
(CDCl3, 300 MHz, 22°C): § 10.58 (s, *Jew = 58.6 Hz, 2H; C,-H), 8.64 (d, *Jim = 8.4 Hz, 2H; Ce-H),
8.52 (d, *Jun = 1.8 Hz, 2H; Ci3-H), 8.43 (d, “Juu = 1.8 Hz, 2H; Cy1-H), 7.98 (m, 4H; C;5-H), 7.68
(overlapped m, 4H; Cq4,17-H), 7.36 (4, 3Jan = 7.7 Hz 1H; Cis-H), 7.09 (m, 4H; Cy324-H), 1.60 (s, 18H;
Cio-H), 1.25 ppm (s, 9H; Co7-H). “C{'H} NMR (CDCls, 75 MHz, 22 °C): § 162.9 (C)), 150.8 (C12),
147.9 (C»s), 142.8 (Cis), 137.6 (Cio), 136.4 (Cy), 135.3 (Ci¢), 133.3 (C7), 132.8 (Cs), 131.0 (Cas), 129.4
(C), 128.2 (Cy), 127.0 (C11), 126.7 (C2), 126.6 (C17), 125.8 (Ci3), 125.4 (C22), 124.9 (Cy), 124.8 (Cya),
122.3 (Ce), 116.4 (C13), 107.9 (Ca1), 83.5 (Cao), 35.5 (Cis), 34.6 (Ca6), 31.6 (Ci9), 31.4 ppm (C37). HR-
MS (APCI-TOF) m/z: [M + H]" calculated for [Cs;H4sN,Pt]": 896.3542; Found: 896.3530. As a minor

impurity of ®"LPtCl was observed co-crystallized with ®"LPt(C=C-C¢H,-7Bu) in the crystal structure,

elemental analysis was performed on ™"

LPt(C=C-CsH4-1Bu) prior to photophysical characterization to
ensure purity of the sample analyzed. Anal. Calc. for Cs;H4sN,Pt: C, 69.70; H, 5.40; N, 3.13 %. Found:

C, 69.45; H, 5.51; N, 3.07 %.

Synthesis of  1,3-bis(4-(2-trifluoromethylphenanthridinyl))benzene 5

platinum(IV) trichloride “**LPtCl;: A round bottom flask was charged FiC 2
with ““LH (0.050 g, 0.088 mmol), potassium tetrachloridoplatinate (0.044
g, 0.11 mmol) and glacial acetic acid (33 mL). The mixture was heated in an
oil bath set to 120 °C to reflux in open atmosphere for 3 d. The resulting
suspension was cooled to room temperature and filtered to collect the

deposited solid. This precipitate was washed with deionized water (~20 mL) and pentane (~20 mL),
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and then transferred to a round bottom flask as a chloroform suspension (50 mL). This suspension was
heated to reflux in open to air for 2 d in an oil bath set to 70 °C. The mixture was then cooled to room
temperature and solvent removed in vacuo leaving a yellow-green solid identified as a mixture of
BLPtCl and “LPtCl; by integration of the '"F NMR spectrum (approximately 7:93). 'H NMR
(CDCls, 300 MHz, 22°C): 8 10.58 (s, *Jpm = 33.5 Hz, 2H; C-H), 8.91 (s, 2H; C3-H), 8.76 (d, *Jun =
8.4 Hz, 2H; Cs-H), 8.54 (s, 2H; Cy1-H), 8.39 (d, *Jun = 8.0 Hz, 2H; C3-H), 8.19 (t, *Jin = 8.1 Hz, 2H;
Cs-H), 7.92 (t, *Jun = 7.9 Hz, 2H; C4-H), 7.75 (d, *Jun = 8.2 Hz, 2H; C17-H), 7.58 ppm (m, 1H; C3-H).
PF{'H} NMR (CDCls, 282 MHz, 22 °C): & -62.0 (93%, Pt""), -62.2 ppm (7%, Pt"). HR-MS (APCI-

TOF) m/z: [M - C1]' calculated for [C34H;7FsN2PtCL,]": 833.0307; Found: 833.0251.

UV-Vis absorption and luminescence measurements

Absorption spectra were measured on a Biotek Instruments XS spectrometer, using quartz cuvettes of
1 cm pathlength. Steady-state luminescence spectra were measured using a Jobin Yvon FluoroMax-2
spectrofluorimeter, fitted with a red-sensitive Hamamatsu R928 photomultiplier tube; the spectra
shown are corrected for the wavelength dependence of the detector, and the quoted emission maxima
refer to the values after correction. Samples for emission measurements were contained within quartz
cuvettes of 1 cm pathlength modified with appropriate glassware to allow connection to a high-vacuum
line. Degassing was achieved via a minimum of three freeze-pump-thaw cycles whilst connected to the
vacuum manifold; final vapor pressure at 77 K was < 5 x 10> mbar, as monitored using a Pirani gauge.
Measurements were made under this vacuum followed by corresponding aerated measurements upon
allowing the solutions to equilibrate with air. Luminescence quantum yields were determined using the

following equation:

b b 2
(Dsample = (Isample / Istd) X (/a Sstd/fa Ssample) X (nsample/nstd) X (Dstd
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where [ample and Iyq are the integrated areas under the corrected emission spectra of sample and
standard, /**sumple and /™™g are the respective fractions of light absorbed at the excitation wavelength
employed (calculated from the corresponding absorbance A through £ = 1-10), ngmple and ngq are
the refractive indices of CH,Cl, and H,O respectively, and ®yyq is the quantum yield of the standard.
The standard used was [Ru(bpy);]Cl, in aqueous solution, for which the now widely accepted value of
® is 0.040+0.002." The estimated uncertainty on the quantum yields obtained in this way on the
instrumentation employed is up to +20%.

Luminescence lifetimes of the complexes in air-equilibrated solutions (and also that of the
acetylido complex in degassed solution, which has a short lifetime) were measured by time-correlated
single-photon counting, following excitation at 405 nm with a pulsed-diode laser. The emitted light was
detected at 90° using a Peltier-cooled R928 PMT after passage through a monochromator. Lifetimes for
all but the acetylido complex in degassed solution, and for all complexes at 77 K, were measured
following excitation with a microsecond-pulsed xenon lamp and detection using the same PMT
operating in multichannel scaling mode. For all measurements, the decays were much longer than the
instrument response, and data were analysed by tail fitting to the following equation (rather than by
deconvolution of the response function):

I(t) = 1(0) exp(—kt) + ¢
where [(t) is the intensity of light detected at time t, k& is the first-order rate constant for decay (k = 1/7),
and c is a constant reflecting the intrinsic “dark count” during the measurement.
The estimated uncertainty in the quoted lifetimes is £10%. Bimolecular rate constants for quenching by
molecular oxygen, kg, were determined from the lifetimes in degassed and air-equilibrated solution,

taking the concentration of oxygen in CH,Cl, at 0.21 atm O, to be 2.2 mmol dm>.**
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Computational Details

DFT optimizations were carried out using Gaussian16, rev. B.01* at the MO6L/def2SVP** level of
theory, using the IEFPCM® solvent model (CHCls) and Grimme’s D3 dispersion correction with
Becke-Johnson damping (D3BJ).”® TD-DFT and single point calculations were performed at the
PBE0/def2TZVP®' level of theory using ORCA version 4.1.2,°>> and with the IEFPCM™ solvent
model with CH,Cl,. For all TD-DFT calculations the ‘resolution of identity with chain-of-sphere’
approximation was used with a special grid on Pt (RIJCOSX; intaccx: 4.34, 4.34, 4.67; gridx: 2,2,2;
specialgridintacc: 9),>* scalar relativistic effects using the two-component, zeroth order regular
approximation (ZORA)> as implemented in ORCA, along with the SARC-TZVP* and corresponding

auxiliary basis sets® >’

on the heavy element Pt. SCF convergence and grid criteria were set to
TightSCF and grid5, respectively, with the final grid criteria set to FinalGrid6. Molecular orbital
analyses were carried out using the Hirshfeld partition method® available in Multiwfn software.’’
Avagadro® was employed to visualize the molecular orbitals. The results of TD-DFT were analyzed
using Multiwfn®' and spin density maps were generated using Gabedit.” To calculate ground-state,
excited state, and reorganization energies, a previously established*’ protocol was followed. First, the
Sy geometry was first optimized by restricted DFT (charge = 1, multiplicity = 1) using the crystal
structure coordinates as starting input. The results were compared to the crystal structure to verify the
accuracy of the level of theory. Using this verified method, the rest of the complexes Sy geometries
were optimized and compared to crystal structures where available. The T geometries were optimized
with unrestricted DFT (charge = 0 or 1, multiplicity = 3) using the optimized Sy geometry as starting
input. Frequency calculations were carried out with each optimization to confirm that these structures
are at a minimum. Second, the electronic energies, E(So) and E(T)), obtained from the single point
calculations of Sy and Tj, in their respective minimum, were used to estimate the adiabatic energy (-

E*™) where E*Y = E(T) — E(So). (3) TD-DFT was then carried out on the first 50 Sy — S, singlet-

singlet transitions with the restricted formalism with charge = 0 or 1, and multiplicity = 1. Population
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analysis was performed to determine the relative molecular fragment contributions to the frontier MOs
which contribute to the electronic transitions. (4) E*"" (T, — T,@S,) was estimated as the ASCF
between single point energies of the T; (charge =0 or 1, multiplicity = 3) and T,@So (charge =0 or 1,

multiplicity = 1) both at the optimized T; geometry.

X-Ray Crystallography and Structural Data

X-ray crystal structure data was collected from multi-faceted crystals of suitable size and quality
selected from a representative sample of crystals of the same habit using an optical microscope. In each
case, crystals were mounted on MiTiGen loops 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, XT and XL software, embedded within the Olex2 GUL® For each structure, the absence of

additional symmetry was confirmed using ADDSYM incorporated in the PLATON program.®®

Crystal structure data for ®"LH (CCDC 2095076): X-ray quality crystals were grown from a
concentrated methanol solution at -15[1. Clear blocks; C4,H44N>0O, 608.79 g/mol, monoclinic, space
group C2/c; a = 28.8167(11) A, b = 11.6422(4) A, ¢ = 21.0124(8) A, a = 90°, p = 103.8580(10), y =
90°, V = 6844.3(4) A’; Z = 8, Peatca = 1.182 g cm>; crystal dimensions 0.1 x 0.1 x 0.1 mm; 20 =
52.96°; 80229 reflections, 7063 independent (Riy: = 0.0841, intrinsic phasing; absorption coefficient (p
=0.072 mm '), absorption correction semi-empirical from equivalents (SADABS); refinement (against
F,?) with SHELXTL V6.1, 456 parameters, 0 restraints, R; = 0.0717 (I > 20) and wR, = 0.1739 (all

data), Goof = 1.038, residual electron density 0.52/—0.45 A,
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Crystal structure data for ®"LPtCl (CCDC 2095077): X-ray quality crystals were grown from diffusion
of hexanes vapor into a chloroform solution of the compound at room temperature. Yellow blocks;
C4oH35CIN,Pt 774.24 g/mol, monoclinic, space group P2;/c; a = 18.6532(14) A, b =17.2524(14) A, c =
9.8735(8) A, a = 90°, £ =90.711(3), y = 90°, V =3177.2(4) A>; Z = 4, peatca = 1.619 g cm’; crystal
dimensions 0.27 x 0.13 x 0.080 mm; 26.x = 52.87°; 75037 reflections, 6506 independent (Riy =
0.0687, direct methods; absorption coefficient (1 = 4.532 mm '), absorption correction semi-empirical
from equivalents (SADABS); refinement (against F,”) with SHELXTL V6.1, 404 parameters, 0
restraints, R; = 0.0672 (I > 20) and wR, = 0.2151 (all data), Goof = 1.117, residual electron density

2.71/-3.00 A,

Crystal structure data for [ LPt(py)]PFs (CCDC 2095078): X-ray quality crystals were grown from
diffusion of hexanes vapor into a chloroform solution of the compound at room temperature. Yellow
blocks; C40H23C13F1,N3PPt 1106.02 g/mol, triclinic, space group P-1; a = 9.6211(5) A, b = 13.0472(8)
A, c=16.7674(8) A, a = 85.836(2)°, B =78.008(2), y= 68.405(2)°, V =1914.32(18) A’; Z =2, peaica
=1919¢ cm °; crystal dimensions 0.270 x 0.15 x 0.050 mm; 26, = 55.11°; 56169 reflections, 8819
independent (Riy = 0.0324, intrinsic phasing; absorption coefficient (u = 4.011 mm "), absorption
correction semi-empirical from equivalents (SADABS); refinement (against F,”) with SHELXTL V6.1,
541 parameters, 0 restraints, R; = 0.0394 (/ > 2¢) and wR, = 0.0930 (all data), Goof = 1.079, residual

electron density 2.30/—1.68 A™>.

Crystal structure data for ®"LPt(-C=C-CsHe-1Bu)] (CCDC 2095079): X-ray quality crystals were
grown from diffusion of pentane vapor into a chloroform solution of the compound at room

temperature. A minor second component (5%) was identified in the crystal lattice as ®"LPtCl. Yellow

rods; Cs3.44H4939Cls0sNoPt 1129.09 g/mol, monoclinic, space group P2i/c; a = 10.8107(10) A, b =
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19.1386(18) A, ¢ = 23.554(2) A, a = 90°, B =95.931(3), y = 90°, V = 4847.3(8) A’; Z = 4, peatca =
1.547 g cm; crystal dimensions 0.57 x 0.04 x 0.03 mm; 260 = 55.12°; 148000 reflections, 11186
independent (Riy = 0.0933, intrinsic phasing; absorption coefficient (u = 3.267 mm '), absorption
correction semi-empirical from equivalents (SADABS); refinement (against F,”) with SHELXTL V6.1,
612 parameters, 0 restraints, R; = 0.0507 (/ > 2¢) and wR, = 0.1028 (all data), Goof = 1.090, residual

electron density 1.62/~1.36 A™>.

Crystal structure data for ““*LPtCl; (CCDC 2095080): X-ray quality crystals were grown from
diffusion of hexanes vapors into a chloroform solution of the compound at room temperature. Yellow
blocks; CssH9CloFgN,Pt 1107.67 g/mol, monoclinic, space group C2/c; a = 15.6027(9) A, b =
12.2827(6) A, ¢ =20.3036(11) A, a = 90°, B = 108.645(2), y = 90°, V = 3689.0(3) A’; Z = 4, Prated =
1.994 g cm’; crystal dimensions 0.360 x 0.160 x 0.110 mm; 26, = 61.142°; 64502 reflections, 5661
independent (Riy = 0.0608, intrinsic phasing; absorption coefficient (u = 4.519 mm "), absorption
correction semi-empirical from equivalents (SADABS); refinement (against F,”) with SHELXTL V6.1,
246 parameters, 0 restraints, R; = 0.0434 (I > 20) and wR, = 0.0919 (all data), Goof = 1.075, residual

electron density 1.89/~1.54 A™>.
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A series of brightly emissive platinum(Il) complexes is presented, each supported by cyclometallated
N*C "N-coordinating ligands derived from 1,3-di(4-phenathridinyl)benzene which form two, 6-
membered chelate rings. The boost in photophysical properties such as the quantum yield indicates that
site-selective benzannulation of the quinolinyl side-arms can offset the previously described deleterious

effect of changing the chelate ring-size from 5 atoms to 6 in N*C"N-coordinated Pt(II) phosphors.
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