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ABSTRACT

Eleven fluorinated 1,3-diphenylisobenzofurans, male that are promising to perform efficient
singlet fission, have been synthesized and thekctelchemical reduction and oxidation in non-
agueous dimethylformamide examined. The redox estegs are not changed continuously with
increasing number of fluorine substituents but éhare some qualitative turns in behavior for
specific types of substitution revealing a discouitly requiring deeper investigation. The DFT
calculations confirm the trends observed experialgntby correlation of experimental and
calculated data. The differences between the ge@msetf the neutral species and their radical ions

were computed and rationalized.
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1 INTRODUCTION

1,3-Diphenylisobenzofurari) is one of the few materials that are known tdqyer highly
efficient singlet fissiort;* a photophysical process in which a singlet excisooonverted into two
triplet excitons. Singlet fission has attractedréasing attention because it promis@sincrease
the maximum theoretical efficiency of inexpensiuggke-junction solar cells beyond the Shockley-
Queisser limit of 1/3. So far, it has not found its way intogiiee because none of the materials in

which it proceeds efficiently are sufficiently styr This is certainly true of, which is very
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sensitive to a combination of light and air. Quanttheory has been quite helpful in efforts to
guide the search for more efficient materials fiogket fission use, both when it comes to the

choice of chromophores and when it comes to theaterof packing.

The most important criterion in the selection bfanophoreskE(S;) > 2 E(T), assures that
the singlet fission process is isoergic or everiebesomewhat exoergic. This criterion is rarely
fulfilled. A class of compounds that are likely neeet the requirement are biradicaloids, species
formally derived from perfect biradicals by suféicit but not excessive covalent perturbation.
This was the consideration that led to the origetabice ofl as a molecule suitable for singlet

fission®

The critical importance of molecular packing wamlerscored upon closer examination of
1. This material exists in two crystalline formgVvhile one of them performs singlet fission very
efficiently, the other performs it hardly at &llGeneral theoretical guidance toward optimization
crystal packing has been formulafed®but is still in early stages.

One way to test the theoretical notions conceroimygtal packing that is optimal for singlet
fission would be to study singlet fission on adzfitll chromophoré&*? that crystallize in two or
more crystal forms. We have decided to try anodpgroach and to take advantage of the fact that
certain substituents have little effect on eledtroexcitation energies and presumably other
properties relevant to singlet fission, yet areatd@ of modifying crystal packing dramatically.
This should provide relatively easy access to gelapool of data. Starting with, we have
examined the effect of alkylation, but found thiateinds to produce amorphous materfalsin
order to investigate the effect of fluorination, ialnalso does not modify the electronic spectra of

14,15,16

aromatics much but tends to affect crystal packingngly; we needed to gain access to a fair

number of fluorinated derivatives bf few of which are known.
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Figure 1. Structures ofl and its partially fluorinated derivatives 12.

Presently, we report the preparation and chaiaatemn of eleven new compounds of this
type (Figure 1). Since redox properties of the otophores play a significant role in understanding
singlet fission due to the usually dominant mecstmiimportance of virtual charge-separated
states in the process, we have primarily examihed tlectrochemical reduction and oxidation
using various electrode materials in non-aqueous=Pith focus on the potentials of the first
uptake and loss of an electron. The experimenttd d&ere compared with those of density
functional theory (DFT) calculations. Besides tleelax characterization, the other task for the
electrochemical treatment of these polyfluorinatiedivatives was to solve the question, whether
the redox properties are changed continuously initreasing number of fluorine substituents or if
there are some qualitative turns in behavior facH types of substitution which would reveal a

discontinuity relevant to the desired propertied gequiring deeper investigation.

2 EXPERIMENTAL
2.1  Electrochemistry

DC-polarography and cyclic voltammetry were catrioeit inN,N-dimethylformamide

(DMF, purified and dried by double distillatith containing 0.1 M tetrabutylammonium
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hexafluorophosphate (TBARFas the supporting electrolyte and 1¥1@ solutions ofl - 12
deoxygenated with argon. A dropping mercury etst#r(DME) with a controlled drop time (1 s)
was used in DC-polarography. A platinum, glasspaea disk (GC, area ca. 1 Mmboron doped
diamond (BDDE) stationary electrode, or a hangimgaury drop electrode (HMDE) were used for
cyclic voltammetry, measured at four different scates (50, 100, 200 and 500 mW)s The
reduction potentials obtained at the four differelectrodes differed by less than the experimental
error (10 mV). The oxidation peaks were broadwf their positions again agreed within the
experimental uncertainty of £20 mV on three of ¢hectrodes. The values obtained with the GC
electrode were systematically less positive by 8B6unV and are presumably the closest to the

thermodynamic values.

The auxiliary electrode was made of a platinunmevaind a saturated calomel electrode
(SCE) separated from aprotic solution by a sattdeiserved as the reference electrode. All
experiments were carried out in an undivided 10amllLand were conducted by the analog
potentiostat PA4 with an XY recorder, both Laboraiqristroje Praha and by the computer driven
digital potentiostat PGSTAT101 (Autolab-Metrohm)ngssoftware NOVA.

2.2 Calculations

Standard density functional theory calculationseaggrformed using the Turbomole 7.1
program™® First, all structures were optimized at the RIBBAD3/def-TZVP level of
theory®2%#1222;sing implicit solvation conductor-like screenimgdel (COSMO3* with &= 37.5,
corresponding to the dielectric constant of DMHRteAeach geometry optimization, single-point
calculations using RI-B3LYP-D3/def2-TZVBP*°and RI-PBE-D3/def2-TZVPH methods were
carried out to obtain in vacug, energies as defined in Equation 2. The solvdties energy
differenceGsq(T) was calculated using the conductor-like screeniogdel for real solvents
(COSMO-RS) with the radii-based isosurface cavligo§mo_isorad keyword) and the
COSMOtherm parameter set BP_TZVPD_FINE_C30_170hstvailable in COSMOtherm#?.
The COSMO-RS calculations were carried out follayine recommended protocol: the RI-BP86-
D3/def2-TZVPD/COSMQ; = ) = Ecosmo® and RI-BP86-D3/def2-TZVPD/in vacuoEin vacuo
single-point calculations (on top of geometry optzations with COSMO) are used to calculate
Gso(T) = (Ecosmo® - Einvacugd * tcosmo-r<T), Whereu(T) is the temperature-dependent COSMO-
RS chemical potentiaf. The last term in Equation &(Ezpve + pV - RTINQ), was obtained from
frequency calculations with the rigid-rotor/harmooiscillator approximation (fqo = 1 bar),
considering low-frequency vibration moded. 00 cm') to contribute taQ as hindered rotorS. For
frequency calculations, the gas-phase optimizedtisires at RI-BP86-D3/def-TZVP level of



theory were used.
Molecular orbitals were calculated at the RI-B3L-0B/def2-TZVPD level of theory.
2.3  X-ray Diffraction

Crystallographic data f&1 were collected on Bruker D8 VENTURE Kappa Duo
PHOTON100 by S micro-focus sealed tube with Culkadiation § = 1.54178 A) at 150(2) K.
The structures were solved by direct methods {Xand refined by full matrix least squares based
on F? (SHELXL2014)* The hydrogen atoms on carbon atoms were fixedidtgalized positions
(riding model) and assigned temperature factoldigfH) = 1.2 Upivot atom).

2.4 Materials

All reactions were carried out under argon atmesphvith dry solvents freshly distilled
under anhydrous conditions, unless otherwise no&dndard Schlenk and vacuum line techniques
were employed for all manipulations of air- or ntore-sensitive compounds. Yields refer to
isolated, chromatographically and spectroscopidatiypogenous materials, unless otherwise stated.

THF and ether were dried over sodium with benzaphe and distilled under argon prior to

use. All other reagents were used as suppliedsimtherwise stated.
2.5 Procedures

Analytical thin-layer chromatography (TLC) was feemed using precoated TLC
aluminum sheets (Silica gel 6@skj. TLC spots were visualized using either UV lighb4 nm) or
a 5% solution of phosphomolybdic acid in ethanot heat (200 °C) as a developing agent. Flash
chromatography was performed using silica gel (Ipighity grade, pore size 60 A, 70 - 230 mesh).
Melting points are reported uncorrected. Infraspdctra (IR) were recorded in KBr pellets.
Chemical shifts irfH, and™*C spectra are reported in ppm on &teale relative to CHGI5 = 7.26
ppm for'H NMR), and CHCJ (8 = 77.0 ppm for*C NMR) as internal references. Splitting

patterns are assigned s = singlet, d = doubletripket, m = multiplet, br = broad signal.
2.6  Syntheses

1-(4-Fluorophenyl)-3-phenylisobenzofuran(2). A previously published proceddfevas
adapted as follows: An argon filled 50 mL two-netkiask equipped with stir bar and a gas
condenser was charged with magnesium turningsrif&8322.000 mmol). After three successive
vacuum/argon cycles, ether (40 mL) and one graindhe were added, and a brownish
suspension was stirred for 15 min at room tempezatGubsequently 1-bromo-4-fluorobenzene

(2.35 mL, 21.404 mmol) was added dropwise. An lesurhic reaction was followed by changes of



the color of the reaction mixture from original s, through colorless to final grayish. This
suspension was stirred 120 min at room temperanuadehen 3-phenylisobenzofuran-#j2one

(19) (3.000 g, 14.269 mmol) was added and stirring ezadinued for 16 h. A dense grayish solid
precipitated. Subsequently trifluoroacetic aciadn) was added dropwise and the reaction
mixture was stirred for additional 15 min. Theddaeaction mixture was diluted with ether (50
mL), washed with a saturated aqueous solution f@@; (3 x 30 mL), and dried over MgQ0
Solvent was removed under reduced pressured anchonathromatography on silica gel
(hexane/ethyl acetate - 4:1) géas an yellow crystalline solid (1.260 g, 4.370 nh34%).

Mp 113.5 - 114.2 °C*H NMR (500 MHz, CDCJ): § 6.99 - 7.04 (m, 2H), 7.17 - 7.20 (m,
2H), 7.29 - 7.32 (m, 1H), 7.48 - 7.51 (m, 2H), 7(#§ 1H), 7.83 (m, 1H), 7.90 (m, 2H), 7.93 (m,
2H). *°C {*H} NMR (125 MHz, CDC}): § 116.0 (d Jc = 21.9 Hz), 119.8, 120.2, 121.7 (&, =
1.3 Hz), 122.0, 124.7, 125.1, 125.2, 126.4)ck = 7.9 Hz), 126.9, 128.0 (decr = 3.4 Hz), 128.9,
131.5, 142.9 (dlc = 1.2 Hz), 143.7 (dlcr = 1.9 Hz), 161.7 (dlc r = 247.7 Hz).**F NMR (470
MHz, CDCh): & -110.73 (tt,"Jry = 8.6 Hz,Jg 1y = 5.4 Hz, 1F). IR (KBr): 3053, 1662, 1627, 1597,
1573, 1547, 1511, 1490, 1464, 1447, 1438, 14047 1B®6, 1282, 1225, 1203, 1153, 1130, 1095,
1071, 1028, 1013, 993, 980, 937, 908, 833, 813, 768, 742, 721, 711, 691, 659, 642, 632, 617,
608, 575, 552, 511, 487 ¢m MS, m/z(%): 288.1 (100, M), 270.1 (6), 259.1 (43), 230.2),
183.1 (12), 165.1 (14), 144.0 (13), 95.0 (16), 180 HRMS, (EI) for (GeH1sFO"): calcd
288.0950, found 288.0947. Anal. Calcd. fogisFO: C, 83.32; H, 4.54. Found: C, 83.13; H,
4.65.

General Procedure for Synthesis of Asymmetric Fluanated DPIBF Derivatives
(GP1). An argon filled 50 mL two-necked flask equippeithva stir bar and a gas condenser was
charged with magnesium turnings (129 mg, 5.300 mm&itter three successive vacuum/argon
cycles, THF (15 mL) and one grain of iodine werde] and the brownish suspension was stirred
for 15 min at room temperature. Subsequently fhated bromobenzene (5.200 mmol) was added.
An exothermic reaction was followed by changeshefdolor of the reaction mixture from original
brown, through colorless to final grayish. Thisgension was stirred 2 h at room temperature and
then 3-phenylisobenzofuran-Hp-one 9) (1.000 g, 4.757 mmol) was added and stirring
continued for 16 h. Then AD (4 mL) was added dropwise and the reaction maxivas refluxed
at the temperature of the oil bath 70 °C for adddi 30 min. A dense yellowish precipitate was
formed. The yellow suspension was cooled to rcemmpierature, diluted with ether (100 mL), and
washed with a saturated aqueous solution of NafHHB3 15 mL). The deep yellow organic phase
was dried over MgS£€ Solvents were removed under reduced pressurecnchn
chromatography on silica gel (hexane/ethyl-acetdté) afforded products as yellow crystalline
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solids.

1-(3-Fluorophenyl)-3-phenylisobenzofuran3) was synthesized from 1-bromo-3-
fluorobenzeneld) (581uL, 5.200 mmol), magnesium (129 mg, 5.300 mmol), 5 ¢1.000 g,
4.757 mmol) in THF (15 mL) according @P1. Compound was obtained as a bright yellow
crystalline solid (1.216 g, 4.218 mmol, 89%).

Mp 130.9 - 132.0 °C'H NMR (400 MHz, CDCJ): § 6.94 - 7.01 (m, 1H), 7.01 - 7.10 (m,
2H), 7.29 - 7.35 (m, 1H), 7.40 - 7.47 (m, 1H), 7-4753 (m, 2H), 7.60 - 7.65 (m, 1H), 7.71 - 7.74
(m, 1H), 7.80 - 7.87 (m, 2H), 7.93 - 7.97 (m, 2HIC {*H} NMR (125 MHz, CDC}): 6 111.3 (d,
Jor=23.6 Hz), 113.5 (dlc £ = 21.5 Hz), 119.8, 120.2 (dsr = 2.8 Hz), 120.3, 122.1, 122.7,
125.0, 125.2, 125.8, 127.2, 129.0, 130.5)d,= 8.6 Hz), 131.3, 133.5 (dec.r = 8.6 Hz), 142.3 (d,
Jor= 3.2 Hz), 144.4, 163.3 (dc - = 245.1 Hz)."F NMR (470 MHz, CDGJ): 5 -108.92 (ddd,
1Jr 1 =10.3 Hz2Jr 4 = 8.6 Hz3Jr s = 6.0 Hz, 1F). IR (KBr): 3051, 3039, 1625, 160879, 1543,
1518, 1503, 1491, 1458, 1451, 1443, 1414, 13975,1R474, 1259, 1213, 1194, 1160, 1141, 1111,
1096, 1067, 1028, 1007, 994, 963, 951, 902, 870, 864, 838, 829, 773, 762, 747, 744, 736, 723,
678, 665, 659, 599, 554, 523, 490tnMS, m/z(%): 288.1 (100, M), 270.1 (5), 259.1 (23), 239.1
(11), 183.1 (10), 165.1 (9), 144.0 (10). HRMS)(BF (C0H13FO"): calcd 288.0950, found
288.0948. Anal. Calcd. forfgH.3FO: C, 83.32; H, 4.54. Found: C, 83.01; H, 4.45.

1-(3,5-Difluorophenyl)-3-phenylisobenzofuran4) was synthesized from 1-bromo-3,5-
difluorobenzenel5) (599uL, 5.200 mmol), magnesium (129 mg, 5.300 mmol), H¢L.000 g,
4.757 mmol) in THF (15 mL) according @P1. Compound} was obtained as a bright yellow
crystalline solid (1.033 g, 2.867 mmol, 60%).

Mp 118.2 - 119.5 °C'H NMR (400 MHz, CDCJ): § 6.67 - 6.73 (m, 1H), 7.02 - 7.11 (m,
2H), 7.32 - 7.44 (m, 3H), 7.48 - 7.53 (m, 2H), 7-7876 (m, 1H), 7.82 - 7.86 (m, 1H), 7.91 - 7.94
(m, 2H). °C {*H} NMR (125 MHz, CDC}): 6 101.7 (tJc = 25.8 Hz), 106.9, 119.4, 120.5, 122.2,
123.3,125.1, 125.3, 126.3, 127.6, 129.0, 131.8,11@,Jc r = 10.7 Hz), 141.2 (dlcr = 3.6 Hz),
145.0, 163.5 (ddJc £ = 247.2 Hz2Jc e = 13.5 Hz).*F NMR (470 MHz, CDGJ): & -105.76 (m,
2F). IR (KBr): 3081, 3025, 1621, 1589, 1547, 150483, 1453, 1443, 1403, 1327, 1280, 1221,
1195, 1184, 1142, 1115, 1073, 1004, 986, 952, 863, 840, 835, 821, 760, 744, 734, 704, 685,
671, 618, 599, 532, 511, 504 ¢mMS, m/z(%): 306.1 (100), 277.1 (21), 257.1 (12), 229.0)(1
201.1 (11), 165.1 (10), 153.0 (9). HRMS, (El) (650H1.F0"): calcd 306.0856, found 306.0854.
Anal. Calcd. for GoH1F,0: C, 78.42; H, 3.95. Found: C, 78.12; H, 3.86.

1-Phenyl-3-(3,4,5-trifluorophenyl)isobenzofuran(5) was synthesized from 5-bromo-
1,2,3-trifluorobenzenel@) (621uL, 5.200 mmol), magnesium (129 mg, 5.300 mmol), B&d
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(2.000 g, 4.757 mmol) in THF (15 mL) according@®l. Compound was obtained as a bright
yellow crystalline solid (1.078 g, 3.324 mmol, 70%)

Mp 129.5 - 131.0 °C*H NMR (400 MHz, CDCJ): § 7.02 - 7.12 (m, 2H), 7.32 - 7.37 (m,
1H), 7.45 - 7.53 (m, 4H), 7.68 - 7.71 (m, 1H), 7-8286 (m, 1H), 7.89 - 7.93 (m, 2H}°C {*H}
NMR (125 MHz, CDC}): § 108.2 (m), 119.1, 120.5, 122.2, 122.9%¢; = 1.3 Hz), 125.1, 125.4,
126.5, 127.5 (tdJc = 9.1 Hz,2Jc e = 4.7 Hz), 127.6, 129.1, 131.0, 138.4 {d&,r = 252.5 Hz,
2Jc.r= 15.6 Hz), 140.3 (dlc £ = 2.8 Hz), 145.1, 151.8 (ddtllc r = 249.9 Hz e = 10.4 Hz2Jc ¢
= 4.5 Hz). 'F NMR (470 MHz, CDGJ): 5 -158.89 (itJrr = 20.4 Hz Jr 4 = 6.4 Hz, 1F); -130.19
(dd, Jer = 20.4 Hz Jr 1y = 8.7 Hz, 2F). IR (KBr): 3092, 3055, 1630, 161590, 1551, 1524, 1500,
1451, 1440, 1434, 1412, 1382, 1338, 1309, 1291219865, 1227, 1211, 1198, 1184, 1100, 1073,
1044, 1035, 1014, 951, 903, 866, 859, 855, 844, 823, 762, 743, 699, 687, 664, 656, 611, 590,
563, 556, 508 cih MS,m/z(%): 324.1 (100, M), 306.1 (5), 295.1 (20), 278.3), 247.0 (5),

162.0 (8). HRMS, (EI) for (&H11Fs0"): calcd 324.0762, found 324.0765. Anal. Calcd. fo
CooH11F30: C, 74.07; H, 3.42. Found: C, 73.83; H, 3.34.

1-Phenyl-3-(2,4,6-trifluorophenyl)isobenzofuran(6). An argon filled 50 mL two-necked
flask equipped with stir bar and a gas condenseravarged with magnesium turnings (535 mg,
22.000 mmol). After three successive vacuum/amyates, ether (40 mL) and one grain of iodine
were added, and the brownish suspension was stardd min at room temperature.
Subsequently 1-bromo-2,4,6-trifluorobenzene (2.%2 21.404 mmol) was added dropwise. The
reaction mixture was stirred for 16 h at room terapge. Then 3-phenylisobenzofuranHjne
(19) (3.000 g, 14.269 mmol) was added and stirringinaed for 5 h. A brownish oily phase was
formed. Subsequently trifluoroacetic acid (2 mlgsmadded dropwise and the reaction mixture was
stirred for additional 15 min. The black reactmixture was diluted with ether (50 mL), washed
with a saturated aqueous solution of NaH@®x 30 mL), and dried over MgQOSolvent was
removed under reduced pressured and column chrgragtoy on silica gel (hexane/ethyl acetate -

4:1) provided as an yellow crystalline solid (460 mg, 1.418 mni@%).

Mp 112.0 - 113.1 °C'H NMR (500 MHz, CDCJ): § 6.84 - 6.87 (m, 2H), 7.02 - 7.06 (m,
2H), 7.31 - 7.34 (m, 1H), 7.41 - 7.44 (m, 1H), 7-4B51 (m, 2H), 7.85 - 7.87 (m, 1H), 7.94 - 7.95
(m, 2H). 3C {*H} NMR (125 MHz, CDC}): 5 101.0 (m), 106.0 (td,)Jcr= 18.7 Hz2Jcr= 5.1
Hz), 119.8 (tJc = 4.2 Hz), 119.9, 121.1, 125.00, 125.04, 125.5,42, 127.31, 128.9, 131.4,
132.3, 146.2, 160.0 (ddtllc r = 253.9 Hz2Jc e = 14.8 HzJc r = 9.5 Hz), 162.5 (dtJcr = 251.8
Hz,%Jcr= 15.4 Hz).'°F NMR (470 MHz, CDGJ): 6 -103.81 (m, 2F), -103.76 (m, 1F). IR (KBr):
3091, 3057, 1639, 1595, 1577, 1508, 1495, 14512 14400, 1352, 1266, 1208, 1177, 1161, 1126,



1112, 1092, 1068, 1054, 1004, 994, 978, 897, 839, 744, 736, 729, 729, 718, 692, 681, 664,
644, 635, 618, 608, 581, 575, 560, 540, 514 .cMS, m/z(%): 324.1 (100, M), 295.1 (41), 275.1
(29), 193.1 (6), 165.1 (14), 162.0 (11), 137.5 18)5.0 (5), 77.0 (14). HRMS, (EI) for
(CyooH11F30"): calcd 324.0762, found 324.0761. Anal. Calcd GgH11F0: C, 74.07; H, 3.42.
Found: C, 74.24; H, 3.61.

1-(Perfluorophenyl)-3-phenylisobenzofuran(7). An argon filled 50 mL two-necked flask
equipped with stir bar and a gas condenser wagetlavith magnesium turnings (535 mg, 22.000
mmol). After three successive vacuum/argon cyadser (40 mL) and one grain of iodine were
added, and brownish suspension was stirred foribhsatrroom temperature. Subsequently 1-
bromopentafluorobenzene (2.67 mL, 21.404 mmol) adeked dropwise during 15 min. An
exothermic reaction was followed by changes ofcibier of the reaction mixture from original
brown, through colorless to final grayish. Thisgension was stirred 60 min at room temperature
and then the 3-phenylisobenzofuranti)®ne (19) (3.000 g, 14.269 mmol) was added and stirring
continued for 16 h. Subsequently,®c(4 mL) was added dropwise and the reaction maxivas
refluxed at the temperature of the oil bath 70 8Cafdditional 30 min. A dense yellowish
precipitate was formed. Then a saturated and dedasjueous solution of NaHg(@5 mL) was
added from a syringe and the aqueous phase wdalbaremoved with a syringe. The precipitate
was filtered off on frit, washed with hexane (2&rhL) and thoroughly dried under reduced
pressure (600 mTorr, 25 °C). Compouhdas obtained as a yellow crystalline solid (2.648
7.627 mmol, 53%).

Mp 167.8 - 169.3 °C (dec.YH NMR (400 MHz, CDCJ): 6 7.06 - 7.11 (m, 2H), 7.34 - 7.38
(m, 1H), 7.41 - 7.44 (m, 1H), 7.49 - 7.53 (m, 2AB7 - 7.90 (m, 1H), 7.93 - 7.96 (m, 2HYC
{*H} NMR (100 MHz, CDC}): & 106.9 (td}Jc = 16.5 Hz2Jc r = 4.0 Hz), 119.4 (t)cr = 4.7 Hz),
120.1, 121.2, 125.3, 126.1, 126.2, 127.9, 129.0,01330.9, 138.1 (m), 140.5 (m), 143.6 (m),
147.6.°F NMR (376 MHz, CDGJ): & -285.67 - -285.53 (m, 2F), -278.87 - -287.76 (), &
263.83 - -263.75 (m, 2F). IR (KBr): 3092, 30642301685, 1632, 1599, 1521, 1496, 1451, 1421,
1380, 1368, 1323, 1199, 1185, 1166, 1159, 1143),11103, 1072, 1033, 1021, 987, 948, 907,
828, 784, 764, 742, 724, 701, 688, 660, 636, 539, 588 crit. MS,m/z(%): 360.1 (100, M),
340.0 (10), 331.1 (14), 311.0 (21), 293.1 (12),.258), 180.0 (5), 165.1 (6). HRMS, (EI) for
(Co0H9OFRs"): caled 360.0574, found 360.0573. Anal. Calcd GaHoOFs: C, 66.67; H, 2.52.
Found: C, 66.50; H, 2.52.

General Procedure for Synthesis of Symmetric Fluonated Derivatives of 1 (GP2).

An argon filled 50 mL two-necked flask equippedhnstir bar and a gas condenser was

9



charged with magnesium turnings (165 mg, 6.800 mm&itter three successive vacuum/argon
cycles, THF (15 mL) and one grain of iodine werdeat] and brownish suspension was stirred for
15 min at room temperature. Subsequently fluosithdromobenzene (6.700 mmol) was added.
An exothermic reaction was followed by changesefdolor of the reaction mixture from original
brown, through colorless to final grayish. Thisgension was stirred 2 h at room temperature and
then cooled to -50 °C. A white solid precipitateésubsequently, methyl 2-formylbenzoa2€)(

(500 mg, 3.046 mmol) was added into vigorouslyeatirsuspension. Cooling was stopped and the
reaction mixture was slowly allowed to reach ro@mperature and then stirred for additional 16 h.
The suspension dissolved at ca -5 °C leaving datlsolution, which then slowly changed color to
orange and the dense yellowish solid slowly préaipd during subsequent stirring. Then®@d¢4

mL) was added dropwise (the suspension dissohadrig a clear yellow/orange solution) and the
reaction mixture was refluxed at the temperaturihefoil bath 70 °C for additional 30 min. A
dense yellowish precipitate was formed again. ofeluspension was cooled to room temperature,
diluted with ether (100 mL), and washed with a ssted aqueous solution of NaHg@ x 15

mL). Deep yellow organic phase was dried over MgS8polvents were removed under reduced
pressure and column chromatography on silica gedalhe/ethyl-acetate - 4:1) afforded products as
yellow crystalline solids.

1,3-Bis(4-fluorophenyl)isobenzofuran(8)** was synthesized from 1-bromo-4-
fluorobenzenel3) (736uL, 6.700 mmol), magnesium (165 mg, 6.800 mmol), 20600 mg,
3.046 mmol) in THF (15 mL) according ®P2. Compound was obtained as a bright yellow
crystalline solid (419 mg, 1.368 mmol, 45%).

Mp 138.9 - 139.4 °C*H NMR (400 MHz, CDCJ): § 7.00 - 7.03 (m, 2H), 7.16 - 7.20 (m,
4H), 7.74 - 7.76 (m, 2H), 7.86 - 7.89 (m, 4HJC {*H} NMR (100 MHz, CDC}): & 116.0 (d Jc r
=22.0 Hz), 119.8, 121.6, 125.3, 126.4J¢s = 7.9 Hz), 127.9 (dlc £ = 3.4 Hz), 142.9, 161.7 (d,
Jo.r= 247.8 Hz).*F NMR (376 MHz, CDGJ): § -238.11 (m, 2F). IR (KBr): 3055, 1628, 1598,
1550, 1514, 1504, 1443, 1410, 1402, 1299, 12919,1P223, 1201, 1152, 1098, 1092, 1001, 974,
935, 824, 799, 748, 744, 733, 712, 705, 695, 688, 603, 558, 550, 499 ¢ MS, m/z(%):
306.1 (100, M), 277.1 (50), 257.1 (20), 211.1 (B3.1 (14), 153.0 (12), 128.5 (7), 95.0 (12), 75.0
(11). HRMS, (EI) for (GoH1.F.0,"): calcd 306.0856, found 306.0857. Anal. Calcd. fo
CooH12F202: C, 78.42; H, 3.95. Found: C, 78.35; H, 4.08.

1,3-Bis(3-fluorophenyl)isobenzofuran(9) was synthesized from 1-bromo-3-fluorobenzene
(14) (748pL, 6.700 mmol), magnesium (165 mg, 6.800 mmol), 2(b00 mg, 3.046 mmol) in
THF (15 mL) according t&P2. Compound® was obtained as a bright yellow crystalline solid
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(637 mg, 2.080 mmol, 68%).

Mp 139.8 - 141.2 °C*H NMR (500 MHz, CDCJ): & 7.00 (m, 2H), 7.04 — 7.09 (m, 2H),
7.44 (m, 2H), 7.60 (m, 2H), 7.70 (m, 2H), 7.78 837(m, 2H). *C {*H} NMR (125 MHz, CDC}):
§ 111.5 (dJc r = 23.7 Hz), 113.9 (dlcr = 21.5 Hz), 119.9, 120.4 (d r = 2.8 Hz), 122.7, 125.8,
130.5 (d Jc e = 8.6 Hz), 133.2 (dJc £ = 8.6 Hz), 142.9 (dlc £ = 3.2 Hz), 163.2 (dlc r = 245.4 Hz).
% NMR (470 MHz, CDGJ): § -108.73 (ddd*Jg 4 = 10.3 Hz e 1y = 8.4 Hz 2Jr 4 = 6.0 Hz, 2F).
IR (KBr): 3084, 3033, 1625, 1610, 1581, 1541, 130187, 1464, 1451, 1270, 1261, 1198, 1192,
1171, 1159, 1108, 1067, 998, 995, 879, 869, 856, 880, 778, 774, 750, 743, 684, 562, 527-cm
MS, m/z(%): 306.1 (100, M), 288.1 (76), 277.1 (21), 25@0), 239.1 (10), 211.1 (11), 183.1 (19),
153.0 (10), 144.0 (7). HRMS, (EI) for 461:,F,0"): calcd 306.0856, found 306.0859. Anal.
Calcd. for GoH1,F,0: C, 78.42; H, 3.95. Found: C, 78.21; H, 3.78.

1,3-Bis(3,5-difluorophenyl)isobenzofuran10) was synthesized from 1-bromo-3,5-
difluorobenzenel5) (772uL, 6.700 mmol), magnesium (165 mg, 6.800 mmol), 201(b00 mg,
3.046 mmol) in THF (15 mL) according @P2. CompoundLOwas obtained as a bright yellow
crystalline solid (395 mg, 1.153 mmol, 38%).

Mp 197.0 - 198.2 °C*H NMR (600 MHz, CDCJ): § 6.72 - 6.80 (m, 2H), 7.12 - 7.16 (m,
2H), 7.41 - 7.45 (m, 4H), 7.79 - 7.82 (m, 2HJC {*H} NMR (150 MHz, CDC}): & 102.6 (t,Jcr =
25.7 Hz), 107.4 (m), 119.7, 123.3, 126.6, 133.3¢(t,= 10.5 Hz), 142.4 (tlc¢= 3.7 Hz), 163.5
(dd, e = 248.1 Hz2Jc = 13.4 Hz).**F NMR (470 MHz, CDG)): § -105.23 (m, 4F). IR (KBr):
3097, 1620, 1590, 1547, 1499, 1475, 1455, 144311823, 1310, 1261, 1235, 1223, 1192, 1118,
1107, 1003, 986, 863, 854, 840, 828, 820, 744, 628, 653, 645, 533, 521, 508 ¢mMS, m/z
(%): 342.1 (100), 313.1 (19), 293.1 (14), 229.0)(281.1 (16), 171.0 (8). HRMS, (EI) for
(Co0H10F40O"): calcd 342.0668, found 342.0671. Anal. Calcd GgH;0F40: C, 70.18; H, 2.94.
Found: C, 69.92; H, 2.83.

1,3-Bis(3,4,5-trifluorophenyl)isobenzofuran(11) was synthesized from 5-bromo-1,2,3-
trifluorobenzeneX6) (800uL, 6.700 mmol), magnesium (165 mg, 6.800 mmol), 2e¢600 mg,
3.046 mmol) in THF (15 mL) according @P2. Compound.1 was obtained as a bright yellow
crystalline solid (486 mg, 1.285 mmol, 42%).

Mp 205.8 - 207.4 °C*H NMR (500 MHz, CDCJ): § 7.12 - 7.15 (m, 2H), 7.47 - 7.52 (m,
4H), 7.72 - 7.76 (m, 2H)**C {*H} NMR (125 MHz, CDC}): 5 108.7 (m), 119.4, 122.9, 126.7,
126.8 (td,}Jc £ = 8.9 Hz,2Jc £ = 5.0 Hz), 138.9 (dtJc = 254.0 Hz2Jc r = 15.6 Hz), 141.6 (td,
Yer=3.2 Hz e = 1.0 Hz), 151.8 (ddd))c = 249.9 Hz2Jcr = 10.5 Hz 3Jc r = 4.5 Hz). *°F
NMR (470 MHz, CDCJ): § -157.41 (ttJe £ = 20.4 Hz Jr yy = 6.4 Hz, 2F), -129.53 (m, 4F). IR
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(KBr): 3098, 1630, 1618, 1592, 1552, 1518, 1469914434, 1426, 1332, 1278, 1250, 1230,
1191, 1042, 1023, 998, 874, 858, 850, 834, 824, 749, 742, 676, 634, 626, 590, 557, 519'cm
MS, m/z(%): 378.0 (100, M), 349.0 (20), 342.1 (12), 33(@.8), 329.0 (17), 311.1 (10), 247.0 (9),
189.0 (11). HRMS, (EI) for (§HgFsO"): calcd 378.0479, found 378.0482. Anal. Calcd. fo
CooHsFsO: C, 63.50; H, 2.13. Found: C, 63.28; H, 2.12.

1,3-Bis(perfluorophenyl)isobenzofuran(12). An argon filled 25 mL two-necked flask
equipped with stir bar and a gas condenser wagetavith magnesium turnings (51 mg, 2.100
mmol). After three successive vacuum/argon cyatdser (5 mL) and one grain of iodine were
added, and a brownish suspension was stirred famiti%t room temperature. Subsequently 1-
bromopentafluorobenzene (24R, 1.999 mmol) was added dropwise. An exothermeaction was
followed by changes of the color of the reactioxtonie from original brown, through colorless to
final grayish. This suspension was stirred 20 atiroom temperature and then a solution of 3-
(perfluorophenyl)isobenzofuran-H3-one 19) (300 mg, 0.999 mmol) in ether (10 mL) was added
dropwise and stirring continued for 4 h. A denggtevsolid precipitated. Subsequently
trifluoroacetic acid (1 mL) was added dropwise #mreaction mixture was stirred for additional
10 min. The reaction mixture was diluted with etf® mL), washed with a saturated aqueous
solution of NaHCQ@ (2 x 30 mL), and dried over MgQOSolvent was removed under reduced
pressured and column chromatography on silicalgigne/ethyl acetate - 3:1) yieldE2las an

yellow crystalline solid (360 mg, 0.800 mmol, 80%).

Mp 124.6 - 125.8 °C (dec.YH NMR (500 MHz, CDC}): 6 7.13 - 7.16 (m, 2H), 7.44 - 7.48
(m, 2H). 3C {*H} NMR (125 MHz, CDC}): 6 106.2 (tdJcr= 16.3 Hz2Jc r = 4.2 Hz), 119.2 (t,
Jor= 4.2 Hz), 125.4, 126.3, 133.7, 138.1 (m), 14mY, (143.8 (m).*°F NMR (376 MHz, CDGJ):
8 -263.08 - -263.16 (M, 4F), -276.73 - -276.84 (F), 2284.91 - -285.05 (m, 4F). IR (KBr): 1651,
1557, 1525, 1517, 1497, 1447, 1396, 1379, 13712,1B316, 1222, 1199, 1168, 1145, 1115, 1106,
1045, 898, 847, 842, 802, 789, 782, 749, 742, 887, 632, 615, 579, 436 ¢m MS, m/z(%):
450.0 (100, M), 431.0 (8), 421.0 (7), 403.0 (483D (28), 372.0 (21), 352.0 (10), 334.0 (11),
255.0 (52), 205.0 (10), 186.0 (11), 167.0 (19),.0472). HRMS, (El) for (GoH4F100"): calcd
450.0102, found 450.0099. Anal. Calcd. fogtyF100: C, 53.35; H, 0.90. Found: C, 53.25; H,
1.09.

3-(Perfluorophenyl)isobenzofuran-18H)-one(21). An argon filled 50 mL two-necked
flask equipped with stir bar and a gas condenserovarged with magnesium turnings (177 mg,
7.300 mmol). After three successive vacuum/argates, ether (10 mL) and one grain of iodine
were added, and brownish suspension was stirretbfonin at room temperature. Subsequently 1-
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bromopentafluorobenzene (8B, 7.059 mmol) was added dropwise during 15 mim A
exothermic reaction was followed by changes ofcibler of the reaction mixture from original
brown, through colorless to final grayish. Thisgension was stirred 60 min at room temperature
and then cooled to -40 °C. Then methyl 2-formylmeate 20) (500 mg, 3.046 mmol) was added
and stirring continued for 2 h at 0 °C. A grayskcipitate was formed. Subsequently
trifluoroacetic acid (1 mL) was added dropwise #mreaction mixture was stirred for additional
10 min at room temperature. A dense yellowishipiete was formed. The reaction mixture was
diluted with ether (150 mL), washed with a satwtaqueous solution of NaHG@ x 30 mL),

and dried over MgS£ Solvent was removed under reduced pressuredanohn

chromatography on silica gel (hexane/ethyl acetat&) afforded?1 as a white crystalline solid
(728 mg, 2.425 mmol, 80%).

Mp 114.5 - 115.8 °C (dec.YH NMR (400 MHz, CDCJ): 6 6.73 (s, 1H), 7.33 - 7.36 (m,
1H), 7.60 - 7.64 (m, 1H), 7.69 - 7.73 (m, 1H), 7-9001 (m, 1H).*C {*H} NMR (100 MHz,
CDCl): 6 71.9, 110.3, 122.0, 125.7, 126.1, 130.1, 134.9,018n), 140.8 (m), 144.2 (m), 146.8,
169.3. *F NMR (376 MHz, CDGJ): 6 -263.06 - -263.14 (m, 2F), -276.71 - -276.82 (i),
284.89 - -285.03 (m, 2F). IR (KBr): 3088, 30663301803, 1774, 1726, 1655, 1611, 1601, 1524,
1507, 1475, 1468, 1427, 1388, 1349, 1338, 1308,128360, 1211, 1191, 1161, 1139, 1127, 1116,
1102, 1052, 1001, 956, 893, 869, 807, 760, 750, 738, 692, 662, 646, 595, 580, 523, 494'cm
MS, m/z(%): 301.0 (100, M + H). HRMS, (APCI) for (@4s0.Fs + H"): calcd 301.02825, found
301.02829. Anal. Calcd. for@HsFsO,: C, 56.02; H, 1.68. Found: C, 55.81; H, 1.82.

3 RESULTS
3.1 Synthesis

Both the asymmetrically2( - 8) and symmetrically 9 - 12) substituted fluorinated
derivatives of1 were prepared by one-pot reacffoshown in Scheme 1. Grignard reagents
obtained from13 - 18 were treated with 3-phenylisobenzofuranH)®ne (9) and the reaction
mixtures were quenched with gEOOH" or Ac,0™ to afford the asymmetric compoungs 8.
The symmetrically substituted derivatives 12 were synthesized under almost identical reaction
conditions, but using methyl 2-formylbenzoa0)(instead of19. Relatively low yields were
attributed mostly to a combination of low stabildfysome of the fluorinated Grignard reagents and

the general instability of the products, which @am® cases rapidly decomposed during purification.
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o) 2.
CHO
e S X (e
n 19 COOCH; 20 "

: 0 3. CF3COOH [ 1F,  3.CF3COOH ~0
or Ac,O or Ac,O
-—— Br _— \/Fn
25 °C - reflux -50 °C - reflux
2-7 8-12
F F F F
N F F F F F F F
| —5F
7" © \©/ F FF F
Br Br Br Br Br Br Br
13 14 15 16 17 18
2 (31%) 3 (89%) 4 (60%) 5 (70%) 6 (10%) 7 (53%)
Cmpd.
8 (45%) 9 (68%) 10 (38%) 11 (42%) 12 (54%)

Scheme 1. One-pot syntheses of asymmetricalty-(8) and symmetricallyq - 12) substituted

fluorinated derivatives dof.

A two-step approach was tested on the synthesi®.ofA low-temperature reaction @0 with a
slight excess of the Grignard reagent derived fil8rafforded21 in a high yield (Scheme 2).
Addition of a second equivalent of the same Grignegagent resulted in nearly quantitative
formation of12 based orfH NMR. The low stability of the product causedses during isolation

and purification and reduced the yield to 80%.

1- Mg 1. F
CHO Fji;[F
F F
j@[ Cooc;H320 MgBr
3 CF;COOH 2. CF;COOH
> 12(80%)
-40 °C 25 °C

Scheme 2.A two-step synthesis df2
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3.2  Electrochemistry

The choice of material of the working electrodeg, Rt, glassy carbon (GC), or boron doped
diamond (BDDE) had negligible effect on the resutsggesting the absence of electrode-assisted
(adsorption) effects. The measured currents wieeal with substrate concentration and with

square root of scan rate, as expected for diffusmntrolled redox processes.

The reduction of compound$ — 12 involves several steps (Table 1), suggesting a
complicated mechanism. Three reduction patterns baen found. Compoun@s4, 6, 8-10 with
up to four fluorine atoms in the molecule (excBptbehave like the parett Their first reduction
steps are reversible and one-electron, and arewetd by another one-electron step. The
reversibility and formation of a stable radical@niwere proven by cyclic voltammetry and in-situ
EPR spectroelectrochemistry. The values of albxgabtentials vary regularly and additively with
the number and position of the fluorine atoms (€abl

Compound$ and11 follow a second pattern, where after the first-etextron reduction a
two electron process occurs. A third pattern isepbed with7 and12, whose molecules contain
one or two fully fluorinated phenyl rings, and wlem irreversible first reduction step involves two
electrons. Only a very weak structureless EPRasigh observed at the first reduction step,
suggesting that the initial reduction product istable.

In the accessible potential range all compouhdsl2 are oxidized similarly in a single
irreversible step (Figure 2), therefore only thestfianodic peak potentials and currents were
considered. From comparison of anodic peak curseititsthose of the first reduction steps2of 4,

6, and8 — 10 follows that the first oxidation step is a two-@&l®n process.

Although the really correct correlation of expeemtal data with the quantum chemical
calculations is possible only for reversible presss(valid for the first reduction), we tried to
correlate the calculations also with the first @tidn step, though it behaves irreversibly.
Considering that the first anodic peak potentiadéseapractically constant with increasing scan rate
(50-500mV.8), it points to the fact, that the overpotentialnist significant, the irreversibility
(absence of the counter peak) is caused by fastfalp reaction whereas the primary oxidation
potential is close to the reversible one. Thisrprtetation was supported by very good correlation
of experimental oxidation potential with the calteld electrochemical oxidation potentials (Fig.
S6a in supporting information) as well as with aébed HOMO energies (Fig. S7a).
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Table 1: Table of experimental electrochemical datalof 12 (conc. 1mM) on glassy carbon
electrode taken from CV at 100 mV.6n V relative to SCE).

oxidn. first reduction step other reduction stePs
Cmpd.  |EF | E M) [E W[EW |[E@[E®E[EM®|[EG|EE)
1 0.79 | -1.89| -1.81 | -1.85 | -2.32 -2.81
2 0.80 | -1.90| -1.82 | -1.86 | -2.32 -2.77| -2.98
3 0.87 -1.81| -1.74 | -1.775| -2.23 -2.73| -2.98
4 093 | -1.72| -1.64 | -1.68 | -2.15 -2.67| -2.99
o) 0.91 -1.75| -1.67 | -1.71 | -2.05 | -2.15 -2.66] -3.0C
6 0.99 | -1.90| -1.83 | -1.865| -2.29 -2.70| -2.98
7 1.12 | -1.69 ¢ - -203 | -211| -2.42] -2.66
te] 0.82 | -1.90| -1.82 | -1.86 | -2.33 -2.77| -3.05
9 094 | -1.73| -1.65| -1.69 | -2.16 -2.68| -2.99
10 1.05 | -1.56| -1.49 | -1.525| -1.99 -2.60| -2.99
11 104 | -1.60| -1.51 | -1.555| -1.90 | -1.99 -2.63] -3.0C
12 139 | -1.59 ¢ - -1.94 | -2.25 -2.53

 Epaare the first anodic peak potentials.

b Eoa are the counter peak potentials of the first rédncstep.

¢ E? are the first reduction potentials (reversible)aitiéd from cyclic voltammetry agf + Epa)/2
d Eoc are the cathodic peak potentials. Accuracy (repeility and repeatability) is £10mV.

© Different reduction pattern: two-electron step, vehanodic counter peak is missing.

3.3 Calculations

3.3.1 Interatomic Distances(Figure 3 and Table S1). In the neutral compounds?2,
calculated bond lengths are not significantly aiddy fluorine substitution. The length of the C
17



O bondsa andeis 137.0 - 137.6 pm, that of the C=C bobdmsdd 139.2 - 140.1 pm, that of the
aromatic C-C bonds 145.1 - 145.4 pm, and that of the exocyclic C-@dsd andg, 144.5 - 145.1
pm. In the radical anions @&f- 12, the C-O bonda ande are noticeably longer (139.8 - 140.3 pm)
and the C=C bondsandd slightly longer (141.0 - 141.7 pm). In contrdakg length of bond
remains almost unchanged (145.2 - 145.9 pm) antdhdsf andg are( 12 pm shorter (142.1 -
143.3 pm). In the radical cationsbf 12, the calculated length of C-O boralande (136.9 -

137.3 pm) is essentially the same as in the naytoat the C=C bondsandd are significantly
elongated (141.3 - 142.2 pm), and the boiglshortened (143.7 - 143.9 pm). The exocycli€ C-
bondsf andg (142.9 - 143.9 pm) are slightly shorter (144.85.1 pm).

b
/
=

d

Phy = CgH,Fs.,
th = C5H5 or CGHnFS-n

Figure 3. Labels for interatomic distances and torsion an¢des Table S1).

3.3.2 Torsion angles Substitution of hydrogen by fluorine atoms intenand para position of
phenyl rings Ph(1) and Ph(2) (Figure 3) does nieicathe calculated torsion angles with the plane

of the isobenzofurane moiety,; and®,. Not surprisingly, fluorine atoms in the orthosgimns of

these phenyl rings increase the torsion agglén 6 and7, and bothyp; and®, in 12

In the neutral compounds that do not carry fluetoms in ortho positions, the angiesand
@, are 18.5 - 23.5°. The radical anions are neddygy, with torsion angles of 0.4 - 8.1°. In
contrast, in cation radicals the torsion angpgsand, (15.7 - 21.7°) are nearly identical with
those observed in the neutral compounds.

The fluorine atoms in the ortho positionsop#, and12 cause the phenyl rings to twist more,
to 36.9 - 45.0°. This twist angle is slightly reed in the radical anions (32.0 - 35.3°) and cation
(32.8 - 35.5°).
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3.3.3 Standard Reduction Potentials Table 2 compares the values obtained from DFT
calculations for the first oxidation and reductfmstentials using two different choices of
functionals with the averages of the potentialssuezd on all four electrodes used. The
calculations relied on a standard procedure: tleeadactron reduction potential reflects Gibbs free

energy change upon one-electron oxidation of aeplu
B [V] = - AGreqiox- E°andreferencel], (1)

whereAGrediox (= Gred — Gox) IS the free energy difference between the redacedoxidized
state of a solute arte’pdreference] is the absolute potential of a refeeeglectrode. Since we are
not aware of any standard recommendation for tiselate potential of SCE in DMF solution, we
estimated the EE{SCE(DMF)] from E%{FeCp"DMF)] (= 4.97 eV; FeCp’ =
ferrocenium/ferrocene redox coupt&)and FeCg™ to SCE scale conversion of 0.45-0.47 eV - see
Table 1 in ref. 35. Similarly, one may adopt theabte potential of standard hydrogen electrode
(SHE) in DMF (= 4.29 eV) with SHE to SCE scale cersion of 0.24 eV (reported for an aqueous
solution in ref. 36). Both approaches lead to ailamresult for SCE in DMF, with an absolute
potential of E3,{SCE(DMF)] = 4.50-4.53 eV. Herein, we adopted anaed value of 4.5 eV. The
AGregioxValues were evaluated froth:

AGrediox= AEel + AGsoy + A(Ezpve + PV —RTINQ) (2)

whereAEg (= Eelred— Eel 0¥ IS the energy difference between the reducedaitized structures in
vacuumAGsol (= AGgsolv,red— AGsoiv,04 IS the difference in their solvation energiesd A(Ezpve +
pV —RTInQ) is the difference in the thermal enthalpic antfagic contributions. As documented

in several instances, such methodology is expdotpdovide relative values of reduction potentials
within the accuracy of ca. 50 m¥. An excellent relative agreement between the éxyatal and
calculated electrochemical potentials is evidennebable 2 and in Figure S6a,b in the Supporting
Information. We note in passing that a correlabetween the energy of HOMO (LUMO) in a
series of compoundss12 and their oxidation (reduction) potentials alsoeagg well and is plotted

in Figure S7a,b.

Table 2. Experimental datAtaken from CV at 100 mV’sand calculated reduction potentials for
“radical cation — neutral’B"”°) and “neutral — radical anionE{") couples (in V against SCE in
DMF at 298 K).
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E+/ 0] EO/-

B3LYP® PBE B3LYP® PBE
(Ep.a) (Eored)

1| 0.79 0.58 0.66 -1.85 -1.74 -1.54
2| 0.80 0.57 0.63 -1.86 -1.73 -1.54
3| 0.87 0.64 0.72 -1.775 -1.65 -1.4y
4| 0.93 0.72 0.77 -1.68 -1.54 -1.38
5| 091 0.73 0.76 -1.71 -1.53 -1.39
6| 0.99 0.73 0.78 -1.865 -1.79 -1.601
70 112 0.87 0.89 -1.69 -1.58 -1.43
8| 0.82 0.56 0.60 -1.86 -1.73 -1.56
9| 0.94 0.71 0.77 -1.69 -1.51 -1.35
10| 1.05 0.87 0.89 -1.525 -1.36 -1.28
11| 1.04 0.88 0.85 -1.555 -1.31 -1.21

12| 1.39 1.16 1.10 -1.59 -1.37 -1.26

R 0.965 0.956 0.962  0.962

& Experimental values for oxidation are anodic peatentials using GC electrode (data from
BDDE and Pt electrodes are very close to thoseQ@f @e data for reduction are the first
reversible potentialg® obtained from cyclic voltammetry on GC &d+ Epa)/2. P RI-B3LYP-
D3/def2-TZVPD.° RI-PBE-D3/def2-TZVPD? Ris the regression coefficiefitCathodic peak
potentials due to absence of anodic counter pedikhars different reduction pattern: two-electron

irreversible step.

4 DISCUSSION
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4.1  Synthesis. Preparation of all 11 fluorinated DPIBF derivawvas a straightforward

process utilizing previously developed reactionditons™>**and does not call for much comment.
Two different quenching procedures were testedigusither CECOOH or A¢O, and produced
nearly identical isolated yields. Probably the tnmagticeable difference was observed immediately
after the addition of these reagentszCBOH usually caused the crude reaction mixtureo t

black, while it turned deep yellow when Axwas used. The difficult part was the isolatiod a
purification. Although the bright to deep yellowlisl products can be stored under an argon
atmosphere in a freezer for several months withotiteable decomposition, their solution

stability is poor. They require strictly oxygereér solvent and even then some of them decompose
within a few hours.’H NMR revealed that and2 are the most stable in CDGiolution and did

not show any signs of decomposition even afterra¢days in the dark at room temperature.

4.2  Molecular Geometry. Single-crystal X-ray diffraction structures refgal for the two
crystal forms of neutral’ yield essentially identical molecular geometriaggood agreement with
the results shown in Table S1, and an effort tereine the geometries of the neutral spe2ies
12is underway. They will presumably all be very gamexcept possibly for the phenyl twist
angles. As explained in the introduction, the matarest is in determining crystal packing.

Geometries of the radical ions are much hardactess experimentally, and at this time, only
the calculated values listed in Table S1 are abiglaThe bond lengths differ from those in the
neutral species in a way that is easily undershyoconsideration of the distribution of nodal
planes in the highest occupied (HOMO) and lowesttanpied (LUMO) molecular orbitals of
isobenzofuran, which is the same in all twelve commuls (Figure S1) and is illustrated for the
parent compound in Figure 4. Approximate positions of the nodanes can be deduced easily
from a consideration of the MOs of the [9]annulenghion perimeter of isobenzofuran. The two
degenerate HOMOSs of this perimeter have two noldalgs perpendicular to the molecular plane,
with nodal points along the perimeter 9/4 of a btamdjth apart, and the two LUMOs have three,
with nodal points 3/2 bond lengths apart. Whem@agen atom replaces one of the carbons to
yield oxonine, the energies of the MOs that hanede going through the oxygen atom will not
respond to its high electronegativity in the fegpiproximation, whereas those that do not will be
stabilized. Therefore, the HOMO will have a nodéng through the oxygen and the LUMO will
not. When a cross-link is introduced to convexrure to isobenzofuran, the HOMO will be
destabilized and LUMO will be stabilized, and thetgitus as the frontier orbitals reinforced. Once
the locations of the nodal points on the isobenaofperimeter have been established, the relative
amplitudes of the MOs at various perimeter atortievio- the closer the atom is to a nodal plane,
the smaller the amplitude.
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Removal of an electron from HOMO will halve itsraling contribution between atoms that
are not separated by a node and halve its antibgrodintribution between atom that are, and bond
lengths will respond correspondingly. Additionaof electron to the LUMO will similarly
introduce additional bonding between atoms thahateseparated by a node and antibonding
between atoms that are, and bond lengths will redpdhe magnitude of the effect will reflect the
amplitude of the MO on the atoms in question. Tloxgdation is expected to extend thandd
bonds and shorteing, andc bonds, whereas reduction is expected to extend éimele bonds and
shorten thé andg bonds, exactly as is observed in Table S1.

Figure 4. Frontier molecular orbitals df (a) HOMO and (b) LUMO.

4.3 Redox Potentials. The relative values of the first oxidation angtfireduction potentials of
compoundd - 12 are well reproduced by DFT calculations (Tablev@)h high regression
coefficients. However, a large shift of the regr@sdine is also observed, suggesting that our
theoretical model does not fit the measured elebhemical potentials absolutely. The shift from
the experimental values in average correspond8.@&3-V and +0.19 V for the B3LYP method for
“radical cation — neutral” and “neutral — radical@” reduction couples, or —0.21 V and +0.34 V
for the PBE method, respectively. The shift is patticularly surprising as the scaling of the
experimental values to the absolute potential dépen the experimental setup, calibration of
electrode used, surface potential, etc.

It is useful to obtain qualitative intuitive insigas well, since it is easily transferred to
related compounds. This is obtained by considehegwo phenyl substituents as a perturbation of

the electronic structure of isobenzofuran and ustagdard notions for the description of
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substituent effects. By extending theystem, the phenyl groups act as substituentshwitn
resonance and inductive effects, increasing theggred the HOMO and lowering that of the
LUMO of isobenzofuran, to a degree that dependdhemphenyl twist angle. The fluorine atoms on
the phenyl rings modulate their inductive and resme effects. The latter can occur in two ways,
directly when the fluorine substituents are in ortin para positions, and indirectly via their steri
effects on the phenyl twist angles when they am@tino positions. Comparison of results for12
shows that every fluorine atom in the meta positinra phenyl substituent makes the first
reduction easier by ~80 mV, and this can be atieibto its inductive effect. In contrast, para and
ortho fluorine atoms on the phenyl substituentsehamactically no effect on the first reduction
potentials. In the case of para substitution, ¢hais be understood as a result of compensatidreof t
now weaker electron-withdrawing inductive effectloé fluorine by its weak electron-donating
resonance effect. For ortho fluoro substitutiomitiductive effect would then be expected to
dominate over the resonance effect, facilitatirgyfttst reduction, but it is apparently just
compensated by the sterically induced increaskdrphenyl twist angle that makes the reduction

harder.

The results for anodic potentials can be undedssomilarly. The inductive effect of every
meta fluorine makes the oxidation harder by 50-8Q which is consistent with its effect on
reduction, and the negligible influence of a pdwarine on the oxidation potential can be
understood in the same way as in the case of thestien potential. Now, however, the inductive
and the sterically induced reduction of the resoragifect due to the two ortho fluorine
substituents at each phenyl do not compensateathehbut add, making the oxidation more
difficult by ~180 mV.

These simple considerations may be intuitivelisbahg but are strictly qualitative. A
more detailed comparison of the magnitudes of gulesit effects on the oxidation and reduction
potentials would require a knowledge of the reltiwnplitudes of the HOMO and the LUMO in
the position of attachment of the perturbing pheswdstituent and hence a computation. For such
guantitative work we consider it preferable to perf a DFT calculation as discussed above.

5 SUMMARY

A series of fluorinated 1,3-diphenylisobenzofuraras synthesized and characterized by
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standard electrochemical methods. For most ofdingpounds, the first reduction step is reversible
and the formation of an intermediate radical am@s proved by cyclic voltammetry and EPR
spectroelectrochemistry. The redox potentials akethshowed significant variation and will be
useful in studies of singlet fission. The obserkegllarities were interpreted qualitatively by
consideration of substituent effects and quantighfiby comparison with DFT calculations. The
bond length changes expected upon one-electromtxmor reduction were computed and

rationalized.

Four members of the series with the highest nusbkfiuorine atoms undergo reduction

by a more complicated mechanism that has not eestigated further.
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