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Supplementary Materials: Synthesis and

Characterization of Ethylenedithio-MPTTF-PTM
Radical Dyad as a Potential Neutral Radical
Conductor

Manuel Souto, Dan Bendixen, Morten Jensen, Valentin Diez-Cabanes, Jérome Cornil,
Jan O. Jeppesen, Imma Ratera, Concepcié Rovira and Jaume Veciana

1. General Methods for Synthesis and Characterization

All reagents and solvents employed for the syntheses were of high purity grade and were
purchased from Sigma-Aldrich Co. (Saint Louis, MO, USA) and Merck (Darmstadt, Germany). Dry
solvents were used in the chemical reactions and in the cyclic voltammetries. '"H-NMR spectra were
recorded using a Bruker Avance 250, 400, or 500 instruments and MesSi as an internal standard.
Infrared spectra were recorded with Spectrum One FT-IR Spectroscopy instrument and UV/Vis/NIR
spectra were measured using Cary 5000E Varian. ESR spectra were performed with a Bruker ESP 300
E equipped with a rectangular cavity T102 that works with an X-band (9.5 GHz). The solutions were
degassed by argon bubbling before the measurements. LDI/TOF MS were recorded in a Bruker
Ultraflex LDI-TOF spectrometer. Cyclic voltammetry measurements were obtained with a
potentiostat 263a from EG & G Princeton Applied Research in a standard 3 electrodes cell. The IR-
NIR spectra have been collected with a Bruker FT-IR IFS-66 spectrometer equipped with a Hyperion
microscope. The spectral resolution is about 2 cm™ for both spectrometers. The manipulation of the
radicals in solution was performed under red light.

2. Synthesis and Characterization

2.1. Synthesis of 5

S s . S (EtO)3P /130°C /3.5 h> [S]IS)=(S]3N-TS
ESIS)=S O=<SEN-TS o A e
053435 C12H94NO3S3 C17H1§N0287
224.39 g/mol 311.40 g/mol 487.72 g/mol

Anhydrous (EtO)sP (40 mL) was heated to 130 °C before the thione 3 (1.10 g, 4.90 mmol) and the
ketone 4 (0.99 g, 3.18 mmol) were added. After stirring the reaction mixture at 130 °C for 10 min, an
additional portion of 3 (1.08 g, 4.81 mmol) was added, whereafter the reaction mixture was heated at
130 °C for 3.5 h. The reaction mixture was cooled to room temperature, whereupon cold MeOH (50
mL, -18 °C) was added. Leaving the mixture overnight at -18 °C producing a yellow precipitate,
which was filtered off and washed with cold MeOH (3 x 20 mL, -18 °C). The yellow solid was
dissolved in CH2Cl> (500 mL) and Celite 545 (40 mL) was added, before the solvent was removed in
vacuo. The resulting residue was purified by column chromatography (silica gel: 1.
CH:Clz/petroleum ether (b.p. 60-80 °C) 1:1, 2. CH2Cl2) and the broad yellow band was collected and
concentrated to the give the title compound 5 as a yellow powder containing traces of grease. Yield
(1.27 g, 82%). M.p. > 250 °C.
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TH-NMR (CDCls) (Compound 5 is very insoluble in most organic solvents preventing a useful *C-
NMR spectrum to be obtained) 6=2.41 (s, 3H), 3.29 (s, 4H), 6.93 (s, 2H),
7.30 (d, 2H, J=8.3 Hz), 7.72 (d, 2H, | = 8.3 Hz).

Ci7H1sNO2S7 Calculated: C41.87 H269 N287 S546.01
Found: C4239 H273 N2277 S45.40
Ci7H1sNO2S7 + 2 CH2 Calculated: C4240 H3.05 N283 54527
MS (ESI): m/z =486 (M*)
HiRes-FT ESI-MS: Ci7H1sNO:S7*Calculated  m/z = 486.8991
Ci7H1sNO:257+ Found m/z=486.8987
IR (KBr): v/em™ = 3125; 2919; 1595; 1371; 1225; 1188; 1171; 1090; 1054

2.2. Synthesis of 7
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A solution of the MPTTF compound 5 (0.390 g, 0.800 mmol) in a mixture of anhydrous THF (50
mL) and anhydrous MeOH (50 mL) was degassed (N2, 20 min.), before a solution of NaOMe in MeOH
(25% w/w, 1.85 mL, 8.1 mmol) was added. The reaction mixture was heated under reflux for 20 min
and then allowed to cool down to room temperature. The solvent was removed in vacuo and the
residue was dissolved in CH2Cl2 (500 mL). This mixture was washed with H20 (3 x 200 mL) and dried
(MgSO4) before the solvent was removed in vacuo to produce a yellow solid containing 6, which was
used in the next reaction without further purification.

The crude product containing the MPTTF compound 6, 4-brombenzaldehyd (0.681 g, 3.68
mmol), Cul (0.315 g, 1.65 mmol), and KsPOs (0.548 g, 2.58 mmol) was dissolved in anhydrous THF
(20 mL) and degassed (N2, 20 min) before + trans 1,2 diaminocyclohexane (0.40 mL, 0.38 g, 3.3 mmol)
was added. The reaction mixture was heated to 105 °C under microwave (MW) irradiation for 3 h
and then cooled to room temperature before the solvent was removed in vacuo. The crude product
was dissolved in CH2Clz2 (500 mL) and washed with H20 (3 x 250 mL). The aqueous phases were
combined and extracted with CH2Cl2 (16 x 250 mL). The combined organic phases were dried
(MgS0s4) and Celite 545 (20 mL) was added, before the solvent was removed in vacuo. The resulting
residue was purified by column chromatography (silicagel: 1. EtOAc, 2. CH2Clz) and the broad yellow
band was collected and concentrated to give a yellow powder, which was recrystallized from PhMe
(400 mL) and washed with cold PhMe (0 °C, 50 mL) providing the title compound 7 as an orange
powder. Yield (0.143 g, 41%). M.p. > 250 °C.

TH-NMR ((CDs3)250) (Compound 7 is very insoluble in most organic solvents preventing a useful 1*C
NMR spectrum to be obtained): 6=7.66 (s, 2H), 7.77 (s, 2H), 7.98 (s, 2H),
9.97 (s, 1H, CHO), the signal form the four CH: protons are obscured
under the water signal present in the NMR solvent.
TH-NMR (CDCls)2: 0=23.31 (bs, 4H), 7.00 (bs, 2H); 7.44 (bs, 2H), 7.94 (bs, 2H), 9.98 (s, 1H).
Ci7HuiNOSs Calculated: C46.66 H320 N253 S43.95
Found: (C4658 H316 N2.64 S543.78
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MS (ESI): m/z = 436(M)
HiRes-FT ESI-MS: Ci7HuNOSs +  Calculated  m/z =436.9165
Ci7H11NOS¢* Found m/z=436.9140
IR (KBr): v/em™ =2921; 2844; 1690; 1600; 1584; 1519; 1492; 1391; 1311; 1172

2.3. Synthesis of 9

Se s s 1BLOK SN
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52 %
7 8 CH,PO(OEY), C37H43Cl14NSg
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A solution of the phosphonated PTM derivative 8 (219 mg. 0.25 mmol) was dissolved in
anhydrous THF (50 mL) under strict inert conditions and cooled down to =78 °C. Potassium tert-
butoxide (84 mg, 0.75 mmol) was added and the reaction mixture was stirred for 20 min to form the
yellow-orange ylide. Subsequently, compound 7 (120 mg, 0.27 mmol) was added and the reaction
mixture was allowed up to room temperature and then stirred for 3 d. Then the reaction mixture was
extracted with CH2Cl2 (150 mL) washed with H2O (75 mL), and dried (MgSOs) before the solvents
were evaporated under reduced pressure. Finally, the product was purified by column
chromatography (silicagel: ether/hexane 1:1) to obtain compound 9 as a light yellow powder. Yield
(150 mg, 52%). Characterization: 'H-NMR (400 MHz, CDs).SO): 6 =7.75 (d, 2H, | = 8.6 Hz), 7.58 (d,
2H, J=8.6 Hz), 7.55 (s, 2H), 7.22 (d, 1H, ] = 16.6 Hz), 7.13 (d, 1H, ] = 16.6 Hz); 6.94 (s, 1H); 3.41 (s, 4H).
FT-IR: v/cm™ = 2922 (w), 2851 (w), 2743 (w), 1603 (m, CH=CH), 1519 (s), 1486 (w), 1461 (w), 1365 (w),
1337 (w), 1311 (s), 1298 (s), 1187 (m), 1138 (m), 1038 (m), 967 (m), 934 (m), 875 (w), 808 (s), 748 (m), 719
(w), 685 (w), 669 (s). LDI-TOF (positive mode): m/z (amu/e’): 1158.944 (M*); (negative mode): m/z
(amu/e): 1158.845 (M). Cyclic voltammetry (BusNPFs 0.1 M in CH2Cl2 as electrolyte): Eoly; = +0.425
V; Eo%y, = +0.925 V. M.p.: 220 °C.

2.4. Synthesis of 2

1) TBAOH
2) AgNO;
_—

CH,Cl,
69 %

C37H12C114NS¢
1159.23 g mol

C37H13C114NSg
1160.24 g mol !

Tetrabutylammonium hydroxide (1.0 M in methanol, 60 uL, 0.060 mmol) was added to a
solution of compound 9 (50 mg, 0.043 mmol) in distilled THF (20 mL) and the purple solution was
stirred for 2 h. Then AgNOs (12 mg, 0.071 mmol) dissolved in MeCN (10 mL) was added and the
reaction mixture was stirred for additional 60 min. The solution changes from purple to dark brown
and a precipitate of silver (Ag®) was formed. The reaction mixture was subsequently filtered and the
filtrate was evaporated under reduced pressure. Finally, the product was purified by flash column
chromatography (silica gel: CH2Clo/hexane 1:1) affording the radical dyad 2 as a dark reddish-brown
powder. Yield (35 mg, 69%). Characterization: FT-IR: v/em™ = 2952 (w), 2918 (w), 2853 (w), 1602 (m,
CH=CH), 1519 (s), 1484 (w), 1461 (w), 1430 (w), 1380 (w), 1361 (w), 1333 (m), 1309 (s), 1298 (s), 1257
(m), 1228 (w), 1183 (w), 1155 (w), 1118 (w), 1038 (m), 966 (w), 935 (m), 859 (w), 814 (s), 766 (W), 752
(w), 737 (m), 707 (m), 666 (w), 651 (s). UV-VIS-NIR (CH2Clz, Amax/nm, ¢/M-1-cm™): 325 (22269), 370
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(22658), 386 (31503), 437 (12011). LDI-TOF (positive mode): m/z (amu/e”): 1158.396 (M*). Cyclic
voltammetry (BusNPFs 0.1 M in CH2Cl2 as electrolyte): Erd. = —-0.220 V; Eoly, = +0.510 V; E»2y = +0.953
V. ESR (CH2Clz): g =2.0025; an = 1.9 Hz; AHpp = 1.1 Hz. M.p.: 220 °C.
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Figure S1. IH-NMR spectrum of dyad 9.

4. FT-IR of 9 and 2
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Figure S2. FT-IR spectra of dyads 9 (black line) and 2 (red line).
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5. Cyclic Voltammetry of 9 and 2
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Figure S3. Cyclic voltammograms of dyads 9 (black line) and 2 (red line) in CH2Clz versus Ag/AgCl
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Figure S4. Frontier molecular orbital energy diagrams (left) and topologies (right) for the dyads 1
(black) and 2 (red). The two series of lines represent the orbitals associated to the spin up (a) and spin
down (), respectively.
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Figure S5. UV-vis-NIR spectra of radical dyad 2 recorded in THF (black line) and 2* which was
generated by oxidation of 2 with one equivalent of FeCls (red line).

6. Computational Details

Spin Polarized Density Functional Theory [1] (DFT) calculations have been performed for the

dyads 1 and 2, using the Gaussian 09 package [2]. Geometry optimizations were carried out with the
(U)YCAM-B3LYP functional [3] and 6-31G* basis set [4], while the effects of the CH2Cl2 solvent were
introduced by means of the polarizable continuum model [5] (PCM). This approach has been
validated in previous works on similar compounds [6].

References

1. Kohn, W. Nobel Lecture: Electronic structure of matter —wave functions and density functionals. Rev. Mod.
Phys. 2001, 71, 5.

2. Frisch, J.; et al. Gaussian 09, Revision D.01; Gaussian Inc.: Wallingford, CT, USA, 2013.

3.  Yanai, T.; Tew, D.; Handy, N. A new hybrid exchange-correlation functional using the Coulomb-
attenuating method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51-57.

4. Rassolov, V.A; Ratner, M.A.; Pople, J.A.; Redfern, P.C.; Curtiss, L.A. 6-31G* basis set for third-row atoms
J. Comput. Chem. 2001, 22, 976-984.

5. Menucci, B.; Capelli, C.; Guido, C.A.; Cammi, R.; Tomasi, J. Structures and Properties of Electronically
Excited Chromophores in Solution from the Polarizable Continuum Model Coupled to the Time-
Dependent Density Functional Theory. J. Phys. Chem. A 2009, 113, 3009-3020.

6.  Souto, M.; Solano, M.V.; Jensen, M.; Bendixen, D.; Delchiaro, F.; Girlando, A.; Painelli, A.; Jeppesen, J.O.;

Rovira, C; Ratera, I; et al. Self-Assembled Architectures with Segregated Donor and Acceptor Units of a
Dyad Based on a Monopyrrolo-Annulated TTF-PTM Radical. Chem. A Eur. J. 2015, 21, 8816-8825.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Europe Prepress)
  /AlwaysEmbed [ true
    /Cambria
    /CambriaMath
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <>
    /CHT <>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-bestanden te maken die moeten worden gecontroleerd of die moeten voldoen aan PDF/A-1b, een ISO-standaard voor de langetermijnopslag \(archivering\) van elektronische documenten. Zie voor meer informatie over het maken van PDF/A-compatibele PDF-documenten de Acrobat-gebruikershandleiding. PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>


    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/A-1b, an ISO standard for the long-term preservation \(archival\) of electronic documents.  For more information on creating PDF/A compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


