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Synthesis

Synthesis of the reported materials follow a similar previously reported procedure.* The
synthetic route for aD dyes follows a palladium catalyzed coupling reaction of 2-amino and 2-bromo
substituted quinoline core to formthe desired ligand. 2-chloro substituted quinoline core can be used
in place of the latter. After purification of the ligand, it was deprotonated with Hunig’s base and
chelation of theligand with boron difluorides was accomplished by refluxing with trifluoride diethy|
etherate. The purified productsproduced a white powder for the non-benzannulated aD compounds
(1a-1b) and a yellow powder for the benzannulated aD compounds (2a-2d, 3and 4). Discussion of 2d
in the paper is omitted because we are unable to get satisfactory CHNSdata. However, all data

collected for 2d are included in the SI.

H
o NH: B N
| | — |
N N _N N~
T |\ N\ X
/N\B/N =
1b

Scheme S1. Synthesis of laand 1h.

2,2-dipyridylamine (1°): bis(2-diphenylphosphinophenyl) ether(498.99mg, 926.51pumol),
2-bromopyridine(3.66, 23.16mmol), 2-aminopyridine (2.18g, 23.16mmol) and t-BuONa(3.12g,
32.43mmol) were purged with nitrogen gas in a re-sealable shlenk flask where a degassed dry toluene
is cannula transferred. Pd(OAc), catalyst was added to theair free flask and refluxed in a 110 °C all
bath for 24 hours. Thereaction mixture is cooled toroom temperature and diluted with THF and ethy|
ether. The solid precipitate was filtered, concentrated, and purified via silica gel column

chromatography (2%MeOH/CH,Cl,). Analternative routeis to purchase the commercially available
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2,2-dipyridylamine. *HNMR (400 MHz, DM SO-dg) 39.61 (s,1H),8.19 (ddd, J = 4.9, 2.0, 0.9 Hz,

1H),7.71 (dt,J = 8.4, 1.0 Hz, 1H), 7.65 — 7.59 (m, 1H), 6.84 (ddd, J = 7.1, 4.9, 1.1 Hz, 1H).

difluoro-boron complex of 2,2'-dipyridylamine (1a): A solution of the 2,2'-dipyridy lamine ligand
(300mg, 1.75mmol) in dry 1,2-dichloroethane was prepared in an N2-purged schlenk flask equipped
with a magnetic stir bar and fitted with a reflux condenser. The flask was submerged in a preheated
oil bathand brought to reflux, at which time 2.0 eq. borontrifluoride diethyl etherate (497.40mg,
3.50mmol) were added dropwise. The solution was stirred for 2 hours at reflux, then cooled toroom
temperatureandtreated with5eqg. N,N-diisopropylethylamine (1.53mL, 8.70mmol). The solution
was washed with water and the agueous layer was separated and extracted three times with
dichloromethane. The organic layers were combined, dried over sodium sulfate, filtered, and reduced
concentrated by rotary evaporation. The products were purified by silica gel flash chromatography
with the eluent 50% dichloromethane in hexanes. *H NM R (400 M Hz, DM SO-ds) 5 8.06 (dd, J = 5.6,
3.2 Hz, 1H), 7.86(dddd, J = 8.7, 6.8, 1.8, 0.4 Hz, 1H), 7.14 (d, J = 8.8 Hz, 1H), 7.01 (td, J= 6.7, 1.3
Hz, 1H). *C NMR (101 M Hz, DM SO-ds) 5 141.48,136.65, 122.47, 114.95 (d, J = 2.6 Hz).Elemental

Analysis: calc. (C, 54.84; H, 3.68; N, 19.19), found (C, 54.74; H, 3.86; N, 18.76)

diphenyl-boron complex of 2,2'-dipyridy lamine (1b): A solution of the 2,2'-dipyridy lamine ligand
(800mg, 4.67mmol) and 2-aminoethoxydiphenylborate (1.05g, 4.67mmol) in dry 1,2-dichloroethane
was prepared inan N2-purged schlenk flask equipped witha magnetic stir bar and fitted with a reflux
condenser. The flask was submerged in a preheated oil bathand brought to reflux for 16 hours. The
solution was washed with water and the aqueous layer was separated and extracted three times with
dichloromethane. The organic layers were combined, dried over sodium sulfate, filtered, and reduced
concentrated by rotary evaporation. The product was purified by silica gel flash chromatography with
100% ethy lacetate then 100% acetone. *HNMR (400 M Hz, acetone-dg) 8 7.96 (dd, J = 6.4, 1.9, 0.9
Hz, 1H), 7.87 (dt,J = 7.9, 1.2 Hz, 4H), 7.63 (dddd, J = 8.6, 6.8, 1.8, 0.9 Hz, 1H), 7.41 (tt,J=6.3, 1.4
Hz, 2H), 7.41 — 7.30 (m, 4H), 7.22 (d, J = 7.3 Hz, 1H), 7.18 — 7.03 (m, 3H), 6.97 — 6.90 (m, 1H), 6.78

~6.70 (m, 1H).
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Scheme S2. Synthesis of 2a.

2,2"-diquinolylamine (2a;): bis(2-diphenylphosphinophenyl) ether (395.03 mg, 733.48umol),
2-bromoquinoline(3.00g, 18.34mmol), 2-aminoquinoline (2.78g, 19.25mmol) and t-BuONa (2.47g,
25.67mmol) were purged with nitrogen gas in a re-sealable shlenk flask where degassed dry toluene is
cannula transferred. Pd(OACc), (164.67,733.48umol) catalyst was added to theair free flask and
refluxed in a 110°C oil bath for 24 hours. The reaction mixture is cooled toroomtemperatureand
diluted with THF and ethylether. The solid precipitate was filtered, concentrated, and purified via
silica gel column chromatography (2%MeOH/CH,Cl,). A white solid is isolated upon purification
(40-80% yield). *H NMR (400 MHz, DM SO-dg) § 10.43 (s, 1H), 8.33 —8.17 (m, 4H), 7.83 (ddd, J =
8.1,15,0.6 Hz,2H),7.77 (ddt,J = 8.4, 1.2, 0.6 Hz, 2H), 7.64 (ddd, J=8.4, 6.9, 1.5 Hz, 2H), 7.38

(ddd, J = 8.0, 6.9, 1.2 Hz, 2H).

difluoro-boron complex of 2,2'-diquinolylamine (2a): A 15 mM solution of 2,2'-diquinoly lamine in
dry 1,2-dichloroethane was prepared in an N,-purged schlenk flask equipped witha magnetic stir bar
and fitted with a reflux condenser. The flask was submerged in a preheated oil bath and brought to
reflux, at which time 2.0 eq. borontrifluoride diethyletherate were added dropwise. The solution was
stirred for 2 hours at reflux, then cooled toroomtemperatureand treated with5eq. N,N

diisopropy lethylamine, causing the precipitateto dissolve. The solution was washed with water and
theaqueous layer was separated and extracted three times with dichloromethane. The organic layers
were combined, dried over sodium sulfate, filtered, and reduced concentrated by rotary evaporation.
The products were purified by silica gel flash chromatography with the eluent 2% M eOH/CH,Cl,
solvent mixture in hexanes. For further purification, the material was sublimed at ~200 °C at 1.6x10°
Torr.*H NMR (400 M Hz, DM SO-dg) 5 8.46 — 8.39 (m, 1H), 8.39 — 8.32 (m, 1H), 7.94 (dd, J = 7.9,

1.6 Hz, 1H), 7.79 (ddd, J = 8.8, 7.1, 1.6 Hz, 1H), 7.53 (ddd, J= 7.9, 7.1, 0.9 Hz, 1H), 7.25 (d, J = 9.0
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Hz, 1H). 3C NMR (101 MHz, DM SO-dg)  154.10,141.98, 131.71, 129.43, 125.73, 122.98.

Elemental Analysis: calc. (C, 67.75; H, 3.79; N, 13.17), found (C, 67.40; H, 3.81; N, 12.70)

glycerol H2804 N I'T'ICPBA
FeSO4
7) Ts,

1.)BF;0Et,
2b; + 2b, Pd(OAc),, t-BuONa 1,2 dichloroethane _N.
bis(2-diphenylphosphinophenyl) ether 84°C F F
reflux 2.) diisopropylethylamine

Scheme S3. Synthesis of 2b.

6-isopropylquinoline (2b,): 4-isopropylaniline (2by) (20 g, 0.147moles), nitrobenzene (9.86 ml, 0.096
moles), Glycerol (55.85 g, 0.606 moles), and FeSO,7H,0 (5.14 g, 18.49 moles) were added toathree-
neck round bottomflask. While the flask was kept in an ice bath,H,SO, (25 ml, 0.473 moles) was
added slowly to thereaction mixture. Aftertheaddition was completed, the ice bath was removed
followed by refluxing the mixture for 20 h under inert conditions. After cooling toroomtemperature,
the pH of the solution was adjustedto pH 7 with 50 % NaOH ag. Then, solution was extracted with
diethylether. Aftertheextraction, MgSO,was used as a drying agent. Filtrationfollowed by
evaporationtogive a brown liquid. The product was isolated by reduced pressure distillation to yield
thedesired light-yellow liquid (yield 20 %). *HNMR (400 M Hz, CDCl;) § 8.85 (dd, J = 4.2, 1.7 Hz,
1H), 8.10 (dddd, J=8.3, 1.7, 0.9, 0.4 Hz, 1H), 8.04 (dt,J = 8.6, 0.8 Hz, 1H), 7.65 — 7.59 (m, 2H), 7.36

(dd,J = 8.2, 42 Hz, 1H), 3.10 (hept,J = 6.9 Hz, 1H), 1.38 — 1.33 (m, 8H).

6-isopropylquinoline-1-oxide (2b,): Compound (2b;) (10.2 g, 0.059 moles) was dissolved in one-neck
round bottomflask with CH,Cl, (50 ml). M -chloroperoxybenzoicacid (MCPBA) (12.33 g, 0.071

moles) was added slowly thestirred solution at room temperature. Thereaction was stirred overnight.



WILEY-VCH

Next, saturated NaHCO3 aq solution was added to stirring solution untilno CO, gas bubbles were
observedanymore. Then, pHwas adjustedto 10 with NaOH aq solution and extracted with CH,Cl, 50
ml threetimes. The solution was dried over MgSO,. The solvent was removed under reduced
pressure. The crude product was then purified by silica gel column chromatography (2 % methanol/
CH,CL,). White pale-yellow solid was afforded at 60 % yield. *H NMR (400 M Hz,CDCl;) 5 8.66
(dd,J = 8.8, 0.8 Hz, 1H), 8.47 (dd, J = 6.0, 1.0 Hz, 1H), 7.71 — 7.63 (m, 3H), 7.26 — 7.23 (m, 1H), 3.10

(hept,J = 6.9 Hz, 1H), 1.34 (dd, J =6.9, 0.5 Hz, 6H).

6-isopropylquinoline-2-amine (2bs): To a round bottomflask, compound (2b,) (2.55 g, 0.013 moles)
and 30 ml of trifluorotoluene (7.16 ml, 0.068 moles) were mixed in 20 ml of chloroform. After
compound (2b,) was dissolved, the mixture was cooled to0 °C with an ice bath. T-butylamine (7.16
ml, 0.068 moles) was added slowly followed by Ts,0 (8.89 g, 0.027 moles). The reactionwas left to
stir for two hours. If thereaction were not completed, portions of t-butylamine (0.6 equiv. to 4.0
equiv.) and Ts,0 (0.3 equiv. to2.3 equiv.) would be added until thereaction is completed. The
reaction was then treated with 25 ml TFA at 70 °C for overnight under inert atmosphere. After that,
most of the solvents were removed under reduced pressure and them the concentrated oil residue was
diluted with CH,Cl, and quenched with 50 % of aq solution of NaOH to pH 10. The solutionwas
extracted with CH,Cl, three times, dried over M gSQ,, and removed under reduced pressure. The
crude product was then purified using asilica gel column chromatography (2% methanol/CH,Cl,).
The desired white solid was obtained at 70 %. *H NMR (400MHz,CDCl3) 6 7.92 (dd,J =9.0, 0.8
Hz, 1H),7.70 — 7.64 (m, 1H), 7.52 (dd, J=8.7, 2.0 Hz, 1H), 7.46 (d, J = 2.0 Hz, 1H), 6.80 (d, J = 9.0

Hz, 1H), 6.29 (s,2H), 3.02 (hept, J = 6.9 Hz, 1H), 1.30 (dd, J = 6.9, 0.9 Hz, 6H).

2-bromo-6-isopropylquinoline (2b,): Toa round bottomflask cooled to5 °C with an ice bath, benzoyl
chloride (2.33 ml, 0.02 mol) was added slowly tothe vigorously stirred mixture of compound (2b,)
(2.5 g, 0.0133 mol), sodium hydroxide (1 g, 0.025 mol) in water (12ml) and CH,Cl, (10 ml). After
theaddition is complete, the reaction mixture was left to stir for few hours. Then, the mixture was

extracted from CH,Cl,. The combined organic layer was dried over MgSO,. Solvent was removed

7
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under reduced pressure to obtaina white solid product. Afterthat,the solid was mixed with POBr3
(2.2 g, 0.007 mol) in dry toluene (20 ml) under inert atmosphere, heated to reflux overnight. After
cooling toroomtemperature, the mixture was poured on ice, washed with saturated NaHCO; and
extracted with CH,Cl, several times. The solvent was removed under reduced pressure. Thecrude
product was then purified using a silica gel column chromatography (50 % hexane/CH,Cl,). The
desired white solid was obtained at 40 %. *H NMR (400 MHz,CDCl;) & 8.20 — 8.13 (m, 1H), 7.99 —
7.92 (m, 2H), 7.71 — 7.61 (m, 1H), 7.57 — 7.50 (m, 1H), 3.09 (hept,J = 6.9 Hz, 1H), 1.34 (dd, J = 6.8,

0.5 Hz, 6H).

Bis(6-isopropylguinoline-2-yl)amine (2bs): Compound (2bs) (2.23 g, 0.012 mol) and compound (2b,)
(39, 0.012 mol) were mixed with bis(2-diphenylphosphinophenyl)ether (0.246 g, 4% mmol), t-
BuONa (1.54 g, 0.016 mol), and Pd(OACc), (0.1g, 4 % mmol) in athree-neck round bottomflask. The
flask was subjected tothree cycles of evacuation-backfilling with N,. Dry toluene purged with N, was
transferred to the reaction mixture using a cannula. The reaction was refluxed for 48 h at 110 °C under
inert atmosphere. After that, the mixture was cooled toroomtemperature, extracted fromCH,Cl,,
dried over M gSOg4,and solvent removed under reduced pressure. The crude product was then purified
using a silica gel column chromatography (2% methanol/CH,Cl,). The desired white solid was
obtained at 50 %. *H NMR (400 MHz,CDCl) & 8.05 (d, J=8.9 Hz, 1H), 7.98 (dd, J = 11.2, 8.8 Hz,
1H),7.79 (d, J = 8.6 Hz, 1H), 7.73 (d, J = 8.6 Hz, 1H), 7.59 — 7.48 (m, 2H), 3.07 (pd,J = 6.9, 2.5 Hz,

1H), 1.35 (ddd, J = 6.9, 1.6, 0.5 Hz, 6H).

difluoro-boron complex of bis(6-isopropylguinoline-2-yl)amine (2b): Compound (2bs) (1 g, 0.0028
mol) was dissolved in dry toluene under N, in a three-neck round bottomflask. DIEA (1.47 ml,
0.008mol) was slowly injected tothe solution. After 30 min stirring, BF;OEt, (1.39 ml, 0.0011 mol)
was slowly added dropwisetothesolution. The reaction was then left toreflux overnight. After
cooling toroomtemperature, saturated solution of NaHCO; aq was added to the reaction mixture,
followed by extraction from CH,Cl,. The combined organic layers were dried over MgSQ,, and

solvent removed under reduced pressure. The crude product was purified by silica gel

8
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chromatography (50 % hexane/ethy| acetate) to afford a yellow solid. Thedesired product was further
sublimed at 190 °C under 1.2 x10°torr. *H NMR (400 MHz, CDCl;) & 8.57 (dt,J = 8.9, 3.4 Hz, 1H),
7.99 —7.94 (m, 1H), 7.62 (dd, J = 9.0, 2.2 Hz, 1H), 7.50 (d, J = 2.2 Hz, 1H), 7.17 (d, J = 9.0 Hz, 1H),
3.06 (hept,J=6.9 Hz, 1H), 1.34 (d,J = 7.0 Hz, 6H). *CNMR (101 MHz,DM SO-ds) & 153.68,
145.85, 141.72,130.78, 125.97, 124.89, 122.82, 121.34, 33.30, 24.12. Elemental Analysis: calc. (C,

71.48; H, 6.00; N, 10.42), found (C,71.38; H,5.94; N,10.36)

H
~NH; L o N AL N
. — ' > |
Fa
2c1 2c

Scheme S4: Synthesis of 2c.

5-methoxy -N-(quinolin-2-y)quinolin-2-amine (2c¢,): bis(2-diphenyIphosphinophenyl) ether (17.23 mg,
32 pumol), 2-bromo-5-methoxyquinoline (200 mg, 0.84 mmol), 2-aminoquinoline (121 mg, 0.84
mmol) and t-BuONa (107.64 mg, 1.12 mmol), and Pd(OAc), (7.18 mg, 32 umol) catalyst were added
toa three-neck round bottomflask. The air free flask and refluxed in a 110°C oil bath for 48 hours.
The flask was subjected to three cycles of evacuation-backfilling with N,. Dry toluene purged with N,
was transferred tothe reaction mixture using a cannula. The reactionwas refluxed for48 h at 110 °C
under inert atmosphere. After that,the mixture was cooled to room temperature, extracted from
CH,Cl,, dried over M gSOy,, and solvent removed under reduced pressure. The crude product was then
purified using a silica gel column chromatography (2% methanol/CH,CL,). *HNMR (400 M Hz,
CDCl;) 4 7.93 —7.84 (m, 2H), 7.71 — 7.60 (m, 4H), 7.56 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.40 — 7.35

(m, 2H), 7.23 — 7.19 (m, 1H), 7.19 — 7.15 (m, 1H), 3.94 (s, 3H).

difluoro-boron complex of 5-methoxy-N-(quinolin-2-yl)quinolin-2-amine) (2c): In a three-neck round
bottomflask, the ligand, 5-methoxy-N-(quinolin-2-yl)quinolin-2-amine (2c;) (500 mg, 1.51 mmol)

was dissolved in dry toluene under N,. DIEA (0.79 ml, 4.53 mmol) was slowly injected tothe
9
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solution. After 30 min of stirring, BF3OEt; (0.745ml, 6.04 mmol) was slowly added dropwisetothe
solution. Thereaction was then left toreflux overnight. After cooling to room temperature, saturated
solution of NaHCO; aq was added to the reaction mixture, followed by extraction from CH,Cl,. The
combined organic layers were dried over MgSO,, and solvent removed under reduced pressure. The
crude product was purified by silica gel chromatography (2% methanol/CH,Cl,) to afford a yellow
solid. The desired product was further sublimed at 200 °C under 1.2 x10® torr. *H NMR (400 M Hz,
DM SO-dg) 9.19 —9.11 (m, 2H), 7.98 — 7.89 (m, 6H), 7.86 — 7.75 (m, 2H), 7.48 (dt,J = 7.0, 1.0 Hz,
2H), 1.20 (s, 1H). ®*CNMR (101 MHz,dms0) & 152.56, 136.90, 134.04, 129.61, 129.03, 127.88,
127.12,114.80, 40.59, 40.39, 40.18, 39.97, 39.76, 39.55, 39.34. Elemental Analysis: calc. (C, 65.36;

H, 4.04; N, 12.04), found (C, 65.42; H,4.33; N, 11.47)

H
N NH, N Br N N |\ N N\ N
o] |/N * 0 |/N 0 | N N o) o) | N.__N o]
- - ~ = ~ ~ =ZN~g~ ~
Fa
2d, 2d

Scheme S5. Synthesis of 2d.

2,2'-di-5-methoxy quinoly lamine (2d,):bis(2-diphenyIphosphinophenyl) ether (43 mg, 80 umol), 2-
bromo-5-methoxyquinoline (500 mg, 2.1 mmol), 2-amino-5-methoxyquinoline (365 mg, 2.1 mmol)
and t-BuONa (269 mg, 2.8 mmol), and Pd(OACc), (17.96 mg, 80 umol) catalyst wereadded toa three-
neck round bottomflask. The air free flask and refluxed in a 110°C oil bath for 48 hours. The flask
was subjectedtothree cycles of evacuation-backfilling with N,. Dry toluene purged with N, was
transferred tothe reaction mixture using a cannula. The reaction was refluxed for 48 h at 110 °C under
inert atmosphere. After that,the mixture was cooled to roomtemperature, extracted fromCH,Cl,,
dried over M gSOy4,and solvent removed under reduced pressure. The crude product was then purified
using a silica gel column chromatography (2% methanol/CH,Cl,). *HNMR (400 MHz,CDCl;) § 8.01
(d,J =8.8 Hz, 1H), 7.89 (s, 1H), 7.83 (d, J = 8.8 Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H), 7.28 — 7.19 (m,
1H), 7.03 (ddd, J = 8.8, 2.5, 0.5 Hz, 1H),5.30 (d, J = 0.5 Hz, 1H), 3.95 (s, 3H). *C NMR (101 M Hz,

DM SO-ds) 6 161.81, 154.16, 141.54, 130.77,120.07, 114.40, 56.12.

10
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difluoro-boron complex of 2,2'-di-5-methoxy quinoly lamine (2d): In a three-neck round bottomflask,
the ligand, 2,2'-di-5-methoxy quinolylamine (2d;) (500 mg, 1.51 mmol) was dissolved in dry toluene
under N,. DIEA (0.79 ml, 4.53 mmol) was slowly injected tothesolution. After 30 min of stirring,
BF3OEt, (0.745ml, 6.04 mmol) was slowly added dropwisetothe solution. The reaction was then left
toreflux overnight. After cooling toroomtemperature, saturated solution of NaHCO; ag was added to
thereaction mixture, followed by extraction from CH,Cl,. The combined organic layers were dried
over MgSQy,, and solvent removed under reduced pressure. The crude product was purified by silica
gel chromatography (2% methanol/CH,Cl,) to afforda yellow solid. Thedesired product was further
sublimed at 200 °C under 1.2 x10®torr. *H NMR (400 M Hz,CDCls) & 8.07 (q, J = 2.7 Hz, 1H), 7.95
~7.91 (m, 1H),7.59 (d, J = 8.7 Hz, 1H), 7.10 — 7.01 (m, 2H), 4.02 (s, 3H). *C NMR (101 M Hz,
DMSO-dg) 6 161.81, 154.16, 141.54, 139.58,130.77, 120.07, 114.40, 104.60, 56.12. Elemental

Analysis: calc. (C, 63.35; H, 4.25; N, 11.08), found (C:59.38 H:4.46 N:10.12)

difluoro-boron complex of 2,2'-diisoquinolylamine (3): Synthesis of the ligand for 3 is similar tothat
of 2a; but used 1-chloroisoquinoline instead of 2-chloroquinoline and 1-aminoisoquinoline for
2-aminoquinoline as precursors. Similar bory lation condition to 2a were conducted on the formed 2,2'-
diisoguinoly lamine ligand to form compound 3. 1H NMR (400 MHz,DM SO-d6)$9.19—-9.11 (m,
2H), 7.98 —7.89 (m, 6H), 7.86 — 7.75 (m, 2H), 7.48 (dt,J = 7.0, 1.0 Hz, 2H). ®C NMR (101 M Hz,
dmso) 6 152.56, 136.90, 134.04, 129.61, 129.03, 127.88, 127.12, 114.80. Elemental Analysis: calc. (C,

67.75; H, 3.79; N, 13.17), found (C, 67.11; H, 3.97; N, 12.50)

G Gt D

Scheme S6: Synthesis of 4.

N-(isoquinolin-1-yl)-5-methoxy quinolin-2-amine (4”): bis(2-dipheny Iphosphinop henyl) ether (23.56
mg, 43.74 pmol), 2-amino-5-methoxyquinoline (200 mg, 1.15 mmol), 1-chloroisoquinoline (187.83
mg, 1.15 mmol) and t-BuONa(147.12 mg, 1.53 mmol), and Pd(OAc), (9.82mg, 43.74 umol) catalyst

were added to a three-neck round bottomflask. Theair free flask and refluxed in a 110°C oil bath for
11
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48 hours. The flask was subjected to three cycles of evacuation-backfilling with N,. Dry toluene
purged with N, was transferredto the reaction mixture using a cannula. The reaction was refluxed for
48 h at 110 °C under inert atmosphere. After that,the mixture was cooled to room temperature,
extracted from CH,Cl,, dried over MgSQ,, and solvent removed under reduced pressure. The crude
product was then purified using asilica gel column chromatography (2% methanol/CH,Cl,). *H NMR
(400 MHz,CDCl;) 6 8.71 (d, J =5.5 Hz, 1H), 8.41 (ddt,J = 8.0, 1.4, 0.7 Hz,1H), 8.01 — 7.45 (m, 7H),

7.14 (dd,J=6.2, 0.9 Hz, 1H), 7.07 — 7.01 (m, 1H), 651 (d, J = 7.3 Hz, 1H), 3.59 (d, J = 3.6 Hz, 2H).

difluoro-boron complex of N-(isoquinolin-1-yI)-5-methoxy quinolin-2-amine) (4): In a three-neck
round bottomflask, the ligand, N-(isoquinolin-1-yl)-5-methoxyquinolin-2-amine (4’) (300 mg, 1.0
mmol) was dissolved in dry toluene under N,. DIEA (0.52 ml, 2.99 mmol) was slowly injected tothe
solution. After 30 min of stirring, BF;OEt, (0.491 ml, 3.98 mmol) was slowly added dropwisetothe
solution. Thereaction was then left toreflux overnight. After cooling to room temperature, saturated
solution of NaHCO; aq was added to the reaction mixture, followed by extraction from CH,Cl,. The
combined organic layers were dried over M gSO,, and solvent removed under reduced pressure. The
crude product was purified by silica gel chromatography (2% methanol/CH,Cl,) to afford a yellow
solid. The desired product was further sublimed at 200 °C under 1.2 x10® torr. *H NMR (400 M Hz,
CDCl;) 4 9.00 (s, 1H), 8.01 — 7.89 (m, 3H), 7.83 - 7.76 (m, 1H), 7.74 — 7.63 (m, 2H), 7.60 (d,J= 8.7
Hz, 1H), 7.20 (t,J = 8.5 Hz, 2H), 7.07 (dd, J = 8.7, 2.4 Hz, 1H), 4.01 (s, 3H). *CNMR (101 M Hz,
DM S0) 8 166.52,159.29, 156.77, 154.35,146.16, 141.46, 138.68, 135.43, 134.44, 133.57, 131.72,
125.48, 125.47,119.67, 119.21, 119.19, 60.73. Elemental Analysis: calc. (C, 65.36; H, 4.04; N,

12.04), found (C, 65.23; H,4.03; N, 11.66)

12
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Photophysical Characterization

All samples in fluid solution were dissolved in 2-methy ltetrahydrofuran with absorbance
between 0.05-0.15 to prevent reabsorption when using the integrating sphere for @, measurements
due tothe small stoke-shiftin theaD series. Doped poly (methylmethacrylate) thinfilms were
prepared froma solution of poly (methylmethacrylate) (PMMA). 0.1 g of PM MA pellets were mixed
with 1mL of dichloromethane. Afterall pellets have dissolved, 1 volume percent samples were made
with 1, 2and 3. 1 mg of chosen aD derivative was dissolved in the PMMA solutionand 1mL was
spincoated on a quartz substrate (2cmx 2 cm) using a pipet with the substrate rotatingat 700 rpm for
45 seconds. The film was left toair dry. The UV-visible spectrawere recorded on a Hewlett-Packard
4853 diode array spectrometer. Steady State fluorescence emission measurements were performed
using a QuantaM aster Photon Technology International spectrofluorometer. Gated phosphorescence
measurements were carried on the fluorimeter with 500 microsecond delay where the sample is in
77 K temperature. All reported spectraare corrected for photomultiplier response. Fluorescence
lifetime measurements were performed using an IBH Fluorocube instrument equipped with 331 nm
LED and 405 nm laser excitation sources usinga time-correlated single photon countingmethod.

Quantumyield values were obtained using a C9920 Hamamatsu integrating sphere system.

Table S1. Calculated and Experimental S1 and T1 energies for la-1b, 2a-2d, 3 and 4, where
the difference between the two energies are represented by AE(S;-T1).

Calculated results® Experimental results®
aD  &(10°M™
series cmt)? S (eVinm) Ty (eVinm)  AE(S;-Ty) | Si(eVinm) Ty (eVinm)  AE(S;-T))
la 0.31 3.14/395 2.66/467 0.49 3.11/398 2.67/464 0.44
1b - 2.85/436 2.51/495 0.34 3.02/409 2.68/463 0.34
2a 0.83 2.73/455 2.40/517 0.33 2.86/433 2.56/484 0.30
2b 0.96 2.65/469 2.35/529 0.30 2.81/440 2.51/494 0.30
2C 0.88 2.76/450 2.44/509 0.32 2.81/441 2.54/488 0.27
2d 1.30 2.79/444 2.48/500 0.31 2.80/442 2.50/496 0.30
3 0.50 2.78/447 2.41/515 0.37 2.93/422 2.49/498 044
4 0.78 2.78/447 2.43/510 0.35 2.86/433 2.47/502 0.39

a: Molar absorptivity values measured in tetrahydrofuran (THF)
b: TD-DFT B3LYP/6-311G** with 0.44 eV correction applied to the S; energies

13
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c: Singlet energies are extrapolated from peak max of fluorescence (298 K) and triplet

energies from gated phosphorescence (77 K) in 2-methyltetrahydrofuran (2-MeTHF)

Table S2. Summary of the photophysical parameters for 1a-1b, 2a-2d, 3 and 4.7

Aabs/emmax Dp, ® T skr b 7knr_1 c }Lemmé Dy, ¢ T - kr_l . 7kn,_1 .
(nm)? (ns)*>  10°(s™)” 10" (s™) (nm) (ns)® 10° (s)”10° (s™)
la  398/404 042 21 20 27 402 048 234 2.05 22.2
1b  409/429 0.30 2.1 14 34 - - - - -
2a  433/434  0.86 3.3 2.7 43 432 086 3.37 2.55 415
2b  440/444  0.87 3.8 2.3 34 - - - - -
2c 441/442  0.84 3.3 2.6 49 - - - - -
2d  441/442  0.84 3.3 2.6 49 - - - - -
3 422/432 0.87 3.2 2.8 41 430 090 292 3.00 34
4 433/437  0.90 2.8 3.2 3.6 - - - - -

“Recorded in 2-MeTHF. "k, = ®p /1. “Kknr= (1-®p, )/z.“ Recorded in PMMA (1% doping)

o1 . lain MeTHF 1l 1bin MeTHF
o ] --- Abs o - - - Abs
> | —FlatRT ) L —FlatRT
o 0.8 ! —e— Gated Phos] o 0.81 T ym—=— Gated Phos 1
_<CE ‘ at 77K _<C§ 1 at 77K
@ 0.6 K e‘ é% o 0.6
N \ 1e% N
T : 15 3 < |
E 0.4' : § e-e N g 04
- - ll o 'I
S o2 J : X = 024
- 'ﬂ"\*u ....................
0 . S ; - 0- S —— 7
300 350 400 450 500 550 600 350 400 450 500 550 600

Wavelength (nm)

Wavelength (nm)
Figure S1. Normalized Spectra of absorbance (dash), fluorescence (solid) at 298K, and
phosphorescence emissionat 77K in 2-MeTHF for 1a and 1b
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Figure S2. Normalized Spectra of absorbance (dash), fluorescence (solid) at 298K, and
phosphorescence emissionat 77K in 2-MeTHF for 2a, 2b, 2c,2d, 3 and 4.

15



WILEY-VCH

T T T T T

=
1

[N
1

—— 2-MeTHF 1 — 2-MeTHF
—=— toluene —o— toluene
—o— Mch —=— Mch

Normalized Absorbance (a.u.)
o
(6]

o
|

o
)

Normalized Emission Intensity (a.u.)
o
[é;]

450 500 550
Wavelength (nm)

IN
o
)

340 360 380 400 420 440

Wavelength (nm)

Figure S3. Normalized absorbance and emission of 2a in three different solvents;
2-methy ltetrahydrofuran (2-MeTHF), toluene and methy Icy clohexane (M ch).
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Electrochemistry

Cyclic voltammetry and differential pulsed voltammetry were performed using a VersaSTAT
potentiostat measured at 100 mV/s scan. Anhydrous acetonitrile (DriSolv) from Sigma Aldrich was
used as the solvent under nitrogen environment, and 0.1 M
tetra(n-butyl)ammoniumhexafluorophosphate (TBAF) was used as the supportingelectrolyte. A
glassy carbon rod was used as the working electrode; a platinum wire was used as the counter
electrode, and a silver wire was used as a pseudoreference electrode. The redox potentials are based
on values measured from differential pulsed voltammetry and are reported relativetoa
ferrocene/ferrocenium (Cp,Fe/Cp,Fe") redoxcouple used as an internal reference, while
electrochemical reversibility was determined using cyclic voltammetry. Table S3 tabulates the
HOMOand LUM O energies extrapolated fromcalculations and the redox potentials in acetonitrile

(ferrocene used as internal standard).

Table S3. HOMO and LUMO energies (in eV) for 1a-1b, 2a-2d, 3 and 4.

HOMO? LUMQO?® HOMOQ® LUMOQP

la -5.85 -2.12 -5.82 -1.85
1b -5.62 -1.77 -5.52 -1.71
2a -6.11 -2.58 -5.88 -2.34
2b -6.03 -2.49 -5.71 -2.26
2C -6.04 -2.39 -5.80 -2.23
2d -5.87 -2.44 -5.71 -2.10
3 -6.06 -2.36 -5.82 -2.23
4 -5.99 -2.31 -5.74 -2.15

¥ HOMO/LUMO energies extrapolated from experimental redox potentials. HOMO = 1.15
(Eox) +4.79; LUMO =1.18 @ed) - 4.83. "HOMO/LUMO values extrapolated from
calculations (B3LYP/6-311G ).
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TDDFT Calculations

All calculations reported inthis work were performed using the Q-Chem 5.1 program?®.
Ground-state optimization calculations were performed using the B3LYP functional and the 6-311G**
basis set. Time dependent density functionaltheory (TDDFT) calculations were used to obtain the
excitation energies and optimized geometries of the S; stateat thesame level. The S; energies were
corrected by subtracting0.44 eV to offset the large errors commonly associated with cyanine-like

dyes.?

The extent of overlap (A) associated with the electronic transition fromthe ground statetothe
S, state was computed using the naturaltransition orbitals (NTOs) according to the following

expression:

A= ZeacSIil gl dr
2k Ok

where, ¢¢ and /¢ are theelectron and hole NTO pairs and oy is the amplitude of the
correspondingNTO pair. The value of A would be bounded below by 0 for purely CT transitions with
no spatial overlap and bounded above by =1 for strongly localized excitations. The computed A
values and experimental S;-T, gaps of the aD series were compared with those of anthracene* and
4CzIPN®and are shownin Table S4. Theintegrals are computed numerically for each NTO pair using
the ORBKIT®and Cubature’ python libraries. An in-house python code was used to compute A from
the NTOs generated by Q-Chem in Molden format. The source code is available on GitHub

(https:/github.com/danielsy lvinson/OverlApp) and the pre-built binaries (for Windows only) can be

downloaded from SourceForge (https:/sourceforge.net/projects/overlapp). The summary of the

calculated excited stateenergies (in eV) at Sp and S; optimized geometries (B3LYP/6-311G**) are
tabulated in Table S5. The molecular orbital representation of compounds la-1b, 2a-2d, 3 and 4 at the

B3LYP/6-311G** level optimized at Sy geometry are shownin Table S6.
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Table S4. Extent of overlap calculation using TDDFT with experimental comparison.

Compound A Exp Si/T; energies (eV) Exp S;-T;gap

anthracene 0.84 3.10/1.78 1.32
la 0.68 3.112.67 0.44

1b 0.65 3.02/2.68 0.34

2a 0.63 2.86/2.56 0.30

2b 0.61 2.81/2.56 0.30

2c 0.66 2.81/2.50 0.27

2d 0.66 2.80/2.51 0.30

3 0.66 2.93/2.49 0.44

4 0.68 2.86/2.47 0.39
4CzIPN  0.29 2.492.43 0.06

Table S5. Calculated excited state energies (in eV) at Sp and S; optimized geometries.
(B3LYP/6-311G**) for 2a-2d, 3 and 4.

Compound Si/T energies Si-T,
At S, geometry  AtS; geometry  AtS, geometry At S; geometry
2a 2.732.92 2.402.71 -0.19 -0.31
2b 2.65/2.90 2.382.71 -0.26 -0.33
2c 2.76/2.79 2.4112.71 -0.03 -0.30
2d 2.792.81 2.48/2.60 -0.01 -0.13
3 2.78/2.95 2.87/2.49 -0.18 -0.21
4 2.782.81 2.8412.47 -0.03 -0.32
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Table S6. Molecular orbital representation of compounds la-1b, 2a-2d, 3 and 4 at the
B3LYP/6-311G** level.

HOMO-1 HOMO | LUMO LUMO+1
la : :
1b B T
E D
[ +]
©
© ©
2a : : : ; : ;
’ m m
§ "
2C : ; : ; : :
2d | : : : l ' ; ; ; | ; :
|
| E :




WILEY-VCH

Organic LEDs

OLEDs were fabricated and tested by Glass substrates with pre-patterned, 1 mm wide indium
tin oxide (ITO) stripes were cleaned by sequential sonication in tergitol, deionized water, acetone, and
isopropanol, followed by 15 min UV ozoneexposure. Organic materials and metals were deposited at
rates of 0.5-2 A/s through shadow masks in a vacuum thermal evaporator with a base pressure of
10-7 Torr. A separate shadow mask was used to deposit 1 mm wide stripes of 100 nm thick Al films
perpendicular tothe ITO stripes to formthe cathode, resulting in 2 mm? device area. The device
structureis: glass substrate/70 nm ITO/10 nm dipyrazino[2,3,-f:20,30-h]quinoxaline 2,3,6,7,10,11-
hexacarbonitrile (HATCN)/45 nm 4,4'-cyclohexylidenebis [N,N-bis(4-methyIphenyl)benzenamine]
(TAPC)/1vol% a.-aD:4,4’-Bis(N-carbazolyl)-1,1"-biphenyl (CBP) host or 1 vol% a.-aD:
N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1’-biphenyl)-4,4"-diamine (NPD)/45 nm 4,7-DiphenyI-1,10-
phenanthroline (BPhen)/1.5 nm (8-Quinolinolato)lithium (LiQ) /200 nm Al. A semiconductor
parameter analyzer (HP4156A) and a calibrated large area photodiodethat collected all light exiting
theglass substrate were used to measure the J-V-luminance characteristics. The device spectrawere

measured using a fiber-coupled spectrometer.
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Figure S5. Photoluminescence data for doped and neat 2a films, which shows a decrease in
theemission peak around 450 nm of 2a due to reabsorption as concentration increases.
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Figure S6. OLED data for 1% 2a doped film with CBP as host. (top left) Electroluminescence
vs. wavelength data illustrates that the electroluminescence emission is maintained with
increasing current scans in the device (top right) The graph depicts the current vs. voltage and
the luminance vs. voltage of the OLED. The device has a tum on voltage of 3 V. (bottom left)
There is a small growing peak with increasing current which suggest charge leakage in the
device (bottomright) EQE vs current data suggests that 1% 2a doped film with CBP has an
EQEmax 0f 4.5%.
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Figure S7. OLED data for 1% 2a doped film with 26DCzPPY as host. (top left)
Electroluminescence vs. wavelength data illustrates that the electroluminescence emission is
maintained with increasing current scans in the device (top right) The graph depicts the current vs.
voltage and the luminance vs. voltage of the OLED. The device has a turn on voltage of 3.7 V.
(bottom left) There is a small growing peak with increasing current which suggest charge leakage in
the device (bottomright) EQE vs current data suggests that 1% 2a doped film with 26DCzPPY has an
EQE . Of 3.5%.
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Figure S8. OLED data for 1% 2a doped film with DPEPO as host. The device was fabricated
using structure different to CBP and 26DCzPPy. ITO (70nm)/HATCN (10nm)/TAPC
(40nm)/ mCP(10nm)/DPEPO: 1% vol. 2a (15nm)/ TSPO1l (35nm)/TPBi (35nm)/ LiQ
(2.5nm)/ Al (100nm). (top left) A broad exciplex emission is observed between
550 nm-750 nm. (top right) Rapid decline in the EQE with increasing current was observed.
(bottom left) The DPEPO device is more resistive than CBP and 26 DCzPPy with a tum-on
voltage of 5 V.
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Thermogravimetric Analysis of azaDIPYR, a-azaDIPYR and a-DIPYR

Thermal gravimetric analysis (TGA) was performed on a TGA Q50 instrument and samples were run in
an alumina crucible under a flowina nitrooen atmosphere with a heatina rate of 10 °C/min and the traces
are shown in Figure S9. azaDIPYR (1a) sublimes cleanly and completely; the sublimation starts at ca

200°C and is complete by 280°C. a-azaDIPYR (2a) starts sublimation at a higher temperature ~275°C
than azaDIPYR (1a) but has similar sublimation temperature range found in a.-DIPYR. Benzannulation of
the azaDIPYR (1a) core to a-azaDIPYR (2a) is enough to increase the sublimation properties by ~75°C.
Purification of 2a was carried out by sublimation at ~200 °C and 1.6x10® Torr. Decomposition were not
observed during sublimation (for purification) or deposition of azaDIPYR materials for devices.
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Figure S9. Thermogravimetric analysis curves for azaDIPYR (A), a-azaDIPYR (B),
a-DIPYR?
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