Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2022

Bimodal photocatalytic behaviour of a Zinc pB-diketiminate: Application to
trifluoromethylation reaction

Kirti Singh?, Rahul Singh?, Arijit Singha Hazari® and Debashis Adhikari*?

aDepartment of Chemistry, Indian Institute of Science Education and Research, Mohali, Punjab-
140306

"Department of Chemistry, University of Stuttgart, Germany-70174

Email: adhikari@iisermohali.ac.in

Contents
1.0  General information S3
2.0  Cyclic voltammetry and calculation of excited-state potential S3
3.0 Molecular orbital visualization S3
4.0 Stern-Volmer kinetics S4
5.0 Reaction conditions for trifluoromethylation S5
6.0  Spectroscopic characterization of products from trifluoromethylation reactions S5
7.0 Coordinates of DFT-optimized geometry S31

S1


mailto:adhikari@iisermohali.ac.in

1.0 General information
1.1 Materials:

All reactions were carried out using air sensitive manipulations and glove box unless otherwise
mentioned. Arenes, heteroarenes and trifluoromethylsulfonylchloride were obtained from Sigma
Aldrich and used without further purification. DMSO-D6, CD;CN and CDCI; were purchased
from Euroisotope. All chemicals were used as obtained. Acetonitrile was refluxed over calcium
hydride and collected via vacuum distillation. Solvents were degassed using three freeze-pump-
thaw cycles for reactions and spectroscopic measurements.

1.2 Physical Measurements.

Emission spectra were collected by Fluoromax-4 (Horiba Jobin Yvon, NJ) Spectro
fluorophotometer. The analyte solution was placed in quartz cuvettes equipped with screw cap
having the path length of 10 mm. Collected data were plotted using Originpro8.

"H NMR spectra were recorded on a Bruker 400 MHz instrument. 3C NMR and '°F NMR spectra
were recorded on the same instrument at frequencies of 101 MHz and 376 MHz, respectively.
Chemical shifts (8) are expressed in ppm. Abbreviations for signal couplings are: s, singlet; d,
doublet; t, triplet; m, multiplets.

Cyclic Voltammetry experiments were performed on a Keithley 2450 potentiostat. For the
measurement, three electrode system was used that consisted of a glassy carbon working electrode,
a Pt-wire as counter electrode, and an Ag/Ag* (3 M KCl) as the reference electrode. 0.1 M solution
of tetrabutyl ammonium hexafluorophosphate was prepared in dichloromethane and used as the
electrolyte.

UV/Vis/NIR  spectra were recorded with a J&M TIDAS spectrophotometer.
Spectroelectrochemical measurements were carried out in an optically transparent thin-layer
electrochemical (OTTLE) cellS! (CaF, windows) with a platinum-mesh working electrode (100
mesh woven from 0.064 mm diameter wire; 99.99% (metals basis)), a platinum-mesh counter
electrode, and a silver-foil pseudo-reference electrode. Anhydrous and degassed dichloromethane
(H,0 <0.005%, puriss., Sigma Aldrich) distilled from CaH, was used as the solvent. A 0.1 M n-
Bu4PF¢ solution in dichloromethane was used as electrolyte.

EPR spectra at X-band frequency (ca. 9.5 GHz) were obtained with a Magnettech MS-5000
benchtop EPR spectrometer equipped with a rectangular TE 102 cavity. The measurements were
carried out in synthetic quartz glass tubes. For EPR spectroelectrochemistry, a three-electrode
setup was employed using two Teflon coated platinum wires (0.005” bare, 0.008” coated) as
working (or a Teflon coated gold wire (0.003” bare, 0.0055” coated) as working electrode) and
platinum as counter electrode and a Teflon-coated silver wire (0.005” bare, 0.007” coated) as
pseudoreference electrode. The low temperature EPR-experiment was performed at -50 °C under
constant flow of liquid nitrogen.
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2.0 Cyclic voltammetry and calculation of excited-state potential.
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Fig S1. Oxidation wave of 1, measured in dry and degassed DCM where 0.1 M solution of
tetrabutyl-ammonium hexafluorophosphate salt was used as an electrolyte. The full diagram with
reduction wave was earlier shown in our previous work.S?

Excited state potential calculation: The excited state oxidation potential for catalyst 1 was
calculated using equation 1,

ox ox

(eq. 1)

where, Eox represents oxidation potential of excited state, Eox represents oxidation potential of
ground state and Eoo represents the difference in energy between the zeroth vibrational states of

the ground and excited states. Eqo was obtained from the intersection point of normalized
absorption and emission spectra as 3.01 V.

3. 0 Molecular orbital visualization
Computational Details:

All calculations were carried out using Density Functional Theory as implemented in the
Gaussian09%® quantum chemistry programs. The geometries of stationary points were optimized
with M06-2X functional.>* We used double- basis set with the relativistic effective core potential
of Hay and Wadt (LANL2DZ) for the zinc atom and 6-31G* basis set for other elements (H, C, O
and N). The geometries were optimized without any symmetry constraints. Harmonic force
constants were computed at the optimized geometries to characterize the stationary points as
minima. The molecular orbitals and spin density were visualized by Gaussview.
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Fig S2. (a) SOMO for one electron oxidized 1 where the iso value was set to 0.06 (¢ bohr3)"2, (b)
Spin density distribution for two-electron-oxidized 1 calculated using the M06-2X/6-31G* level
of theory. The isodensity plot for excess a-spin was set to 0.006 (e bohr3)V2,

4.0 Stern-Volmer experiment

Preparation of sample: In a nitrogen filled glove box, 10-* M solution of catalyst 1 was prepared
in 10 mL of dry and degassed MeCN. Double dilution was done to givel0-® M stock solution in
10 mL MeCN. Different quencher concentrations of CF;SO,C1 (0.001 M—0.005 M) were prepared
and used. The fluorescence measurement was performed in a 10 mm, 4 mL screw-cap quartz
cuvette. Emission intensity was recorded for each solution at excitation maxima 370 nm. Integrated
fluorescence intensities were plotted against absolute quencher concentration using Stern-Volmer
equation (equation 2),

o s ko1=1+ k,7[Q]
I (eq. 2)

where, I, = fluorescence intensity of in absence of quencher, I = fluorescence intensity in the
presence of quencher and [Q] is the concentration of quencher, K = Stern-Volmer constant which
is the product of average radiative lifetime (1) and quenching rate constant (k,). Average excited-
state lifetime was calculated using equation 3,

n
2
D,
i=1
T= —
n
D,
i=1 (eq. 3)%°

where o, and t; denote the amplitude fractions and lifetimes, respectively, and n is the number of
lifetime components. For catalyst 1, with amplitude fractions a; = 9.81 x 102, a, = 9.42 x 100
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a3 = 1.81 x 1092 and their respective lifetime contribution; t; = 4.98 ns, 1, = 1.81 ns, 13= 13.6 ns.
The average lifetime was found to be 6.75 x 10-% sec.
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Fig S3. Fluorescence-quenching of 1 upon excitation at 370 nm in MeCN in the presence of
CF3;SO,Cl as quencher.

5.0 Reaction conditions for trifluoro-methylated compounds.

H 1 (5 mol%) H
CEN) CF3S0,Cl (2.0 equiv) N
% Cs,CO3, MeCN %

24 h, RT, blue light 2g CF;

Workup procedure (A) for volatile products: A flame-dried screw-cap vial equipped with magnetic
bead was packed with substrate (1 equiv), CF;SO,Cl (2 equiv), Cs,COs5 (0.5 equiv) and 1 (5 mol%)
in MeCN (0.5 mL) in glove box and irradiated with blue light (12 W, positioned 10 cm from
reaction tube). After 24 hours, 4-fluoroacetohphenone (1 equiv), 0.5 mL MeCN-D; was added to
the reaction mixture and 'F NMR was recorded for in situ NMR yields. Due to the volatile nature
and wide availability of the product, no purification was attempted on this reaction mixture. The
fluorine signals of the product were identical to those of a commercially available sample.

Workup procedure (B) for non-volatile products: A flame-dried sealed tube equipped with
magnetic bead was packed with substrate (1 equiv), CF;SO,Cl (2 equiv), Cs,CO; (1 equiv) and 1
(5 mol%) in MeCN (2 mL) in glove box and irradiated with blue light (12 W, positioned 10 cm
from reaction tube). After 24 hours, acetonitrile was removed under reduced pressure and the
residue was purified by column chromatography on silica gel (eluent: EtOAc/hexanes) to afford
the corresponding product.

4.0 Spectroscopic characterization of products from trifluoromethylation reactions
catalyzed by 1.
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(trifluoromethyl)benzene (2a): Reaction procedure (A) was followed with benzene (100 pL,
excess), CF3SO,Cl (50 pL, 1.5 mmol), Cs,CO5 (50 mg, 0.15 mmol)) and 1 (6.1mg, 5 mol%) and a
reaction time of 24 hours. 4-fluoroacetophenone was added to the reaction mixture and analyzed
directly by 'F NMR (74 % yield) and is in accordance with literature.S® The product is volatile in
nature and no further attempt was made for its isolation. '’F NMR (376 MHz, CD;CN) 6 -63.59.

i

N
H

2-(trifluoromethyl)-1H-pyrrole (2b): Reaction procedure (A) was followed with pyrrole (11 pL,
0.15 mmol), CF5SO,CI (32 pL, 0.30 mmol), Cs,CO; (24 mg, 0.07 mmol)) and 1 (6.1mg, 5 mol%)
and a reaction time of 24 hours was provided. 4-fluoroacetophenone was added to the reaction
mixture and analyzed directly by '°F NMR (40% yield) and is in accordance with literatureS¢. The
product is volatile in nature and no further attempt was made for their isolation. '°F NMR (376 MHz,

CD;CN) 6 -59.98.
/ \
FsC’Q

|
Boc

tert-butyl-2-(trifluoromethyl)-1H-pyrrole-1-carboxylate (2c): Reaction procedure (A) was
followed with N-boc-pyrole (32 pL, 0.15 mmol), CF;SO,Cl (23 pL, 0.30 mmol), Cs,CO; (24 mg,
0.07 mmol)) and 1 (6.1mg, 5 mol%) and a reaction time of 24 hours. 4-fluoroacetophenone was
added to the reaction mixture was analyzed directly by '°F NMR (83% yield) and is in accordance
with literature 5°. The product is volatile in nature and no further attempt was made for their isolation.
9F NMR (376 MHz, CD;CN) & -58.99.

/(/—\)\cps

S
2-methyl-5-(trifluoromethyl)thiophene (2d): Reaction procedure (A) was followed with 2-methyl
thiophene (15 pL, 0.15 mmol), CF;SO,CI (32 pL, 0.30 mmol), Cs,CO3 (24 mg, 0.07 mmol)) and 1
(6.1 mg, 5 mol%) and a reaction time of 24 hours. 4-fluoroacetophenone (50 mg, 0.36 mmol) was
added to the reaction mixture and analyzed directly by '°F NMR (32% yield) and is in accordance
with reported literature S°.
9F NMR (376 MHz, CD;CN) & -55.30.

D,

(o)
2-(trifluoromethyl)furan (2e): Reaction procedure (A) was followed with furan (14 puL, 0.2 mmol),
CF;SO,Cl1 (31 pL, 0.4 mmol), Cs,CO; (43 mg, 0.1 mmol)) and 1 (8 mg, 5 mol%) and a reaction
time of 24 hours. 4-fluoroacetophenone was added to the reaction mixture and analyzed directly by
9F NMR (20% yield).
9F NMR (376 MHz, CD;CN) 8 -65.73.
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MeO OMe
1,3,5-trimethoxy-2-(trifluoromethyl)benzene (2f). Reaction procedure (B) was followed with
trimethoxybenzene (168 mg, 1.0 mmol), CF;SO,Cl1 (215 uL, 2.0 mmol), Cs,CO; (330 mg, 1
mmol) and 1 (20 mg, 5 mol%). The product was isolated as colourless oil (225 mg, 96% ; mono:
bis trifluoromethylated = 94.4% : 5.6%). Analytical data matches literature-reported product®’.
'"H NMR (400 MHz, CDCl;) 8 6.18 (s, 2H), 3.88 (s, 6H), 3.81 (s, 3H). '3C NMR (101 MHz,

CDCl3) § 163.62, 160.54, 124.47 (q, ] = 274.72 Hz), 100.47 (q, J = 32.32 Hz), 91.33, 56.36 (d, ] =
3.03 Hz), 55.5 (d, J = 3.03 Hz). '9F NMR (376 MHz, CDCls) & -54.13.

L
|

1-iodo-4-(trifluoromethyl)benzene (2g): Reaction procedure (B) was followed with iodobenzene
(102 mg, 0.5 mmol), CF;SO,Cl (107 uL, 1.0 mmol), Cs,CO3 (163 mg, 0.5 mmol) and 1 (20 mg, 5
mol%). The product was isolated as colourless oil (132 mg, 98%). Analytical data matches literature
reported product S8,

"H NMR (400 MHz, CDCI3) § 7.34 — 7.20 (m, 2H), 6.50 (t, J = 8.7 Hz, 2H). 3C NMR (101 MHz,
CDCly) 6 141.02, 134.41, 132.51 (q, J=32.32 Hz), 130.53, 124.62 (q, J=4.04 Hz), 123.08 (q, J =
273.71 Hz), 93.98. 1°F NMR (376 MHz, CDCl;) & -62.89.

§\ 2T

CFs

3-(trifluoromethyl)-1H-indole (2h): Reaction procedure (B) was followed with indole (58.5 mg,
0.5 mmol), CF;SO,CI (107 pL, 1.0 mmol), Cs,CO; (82 mg, 0.25 mmol)) and 1 (20 mg, 5 mol%).
Product was isolated as white solid (84 mg, 61%) which turns brown overtime. Analytical data
matches literature reported product.S?

'H NMR (400 MHz, CDCl;) 6 8.04 (s, 1H), 7.69 — 7.64 (m, 1H), 7.37 (dd, J= 7.9, 1.0 Hz, 1H),
7.29 —7.20 (m, 2H), 7.17 (d, J= 2.6 Hz, 1H). '°F NMR (376 MHz, CDCl5) 6 -57.66.

1-methyl-3-(trifluoromethyl)-indole (2i): Reaction procedure (B) was followed with N-methyl
indole (65 mg, 0.5 mmol), CF;SO,CI (107 pL, 1.0 mmol), Cs,COs5 (82 mg, 0.25 mmol)) and 1 (20
mg, 5 mol%). Product was isolated as pale-yellow oil (73 mg, 74 %, r.r. = 96.2% : 3.8%). Analytical
data matches literature-reported product.5!?

'"H NMR (400 MHz, CDCl;) 6 7.70 (d, J = 8.1 Hz, 1H), 7.45 —7.33 (m, 2H), 7.28 — 7.22 (m, 1H),
3.84 (s, 3H). *C NMR (101 MHz, CDCl;) 6 136.74, 125.89, 124.70, 121.77 (d, ] = 35.35 Hz),
121.37, 121.405 (q, J = 269.67 Hz), 120.03, 110.06, 108.28 (q, J =3.03 Hz), 31.5 (d, ] = 3.03 Hz).
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19F NMR (376 MHz, CDCl;) & -56.76.

HOOC i
|

3-(trifluoromethyl)-1H-indole-6-carboxylic acid (2j): Reaction procedure (B) was followed with
6-carboxylic acid indole (40 mg, 0.25 mmol), CF;SO,CI (54 uL, 0.5 mmol), Cs,CO5 (40 mg, 0.13
mmol)) and 1 (10 mg, 5 mol%). Product was isolated as white solid (30.9 mg, 54%, r.r. = 85.5% :
14.5%).

'"H NMR (400 MHz, DMSO-dg) 6 12.68 (s, 1H), 11.74 (s, 1H), 8.06 (s, 1H), 7.78 — 7.52 (m, 3H).
BCNMR (101 MHz, DMSO-dy) 6 167.98, 134.25, 129.98 (d, J =217 Hz), 127.59, 126.03,
124.55,120.59, 116.87, 114.29, 103.55. '°F NMR (376 MHz, DMSO-d;) 6 -56.81.

H

N

$ ¥
cl CF;

4-chloro-3-(trifluoromethyl)-1H-indole (2k): Reaction procedure (B) was followed with 4-chloro
indole (38 mg, 0.25 mmol), CF;SO,Cl (54 pL, 0.5 mmol), Cs,CO5 (42 mg, 0.13 mmol)) and 1 (10
mg, 5 mol%). The product was isolated as white solid (32 mg, 60%).

'"H NMR (400 MHz, CDCl;) 6 8.16 (s, 1H), 7.80 (d, J= 1.9 Hz, 1H), 7.36 (dd, J = 8.7, 1.9 Hz,
1H), 7.28 (s, 1H), 7.21 (d, J= 2.6 Hz, 1H). 3C NMR (101 MHz, CDCl;) 6 132.69, 129.24, 129.03
(q,J=74.7Hz), 127.14, 120.49 (q, ] = 269.7 Hz), 122.35, 115.16, 113.78, 107.46 (q, J = 3.30
Hz). °F NMR (376 MHz, CDCl3) & -60.80.

Cl

ﬁ\ ZT

CF;

5-chloro-3-(trifluoromethyl)-1H-indole (21): Reaction procedure (B) was followed with 5-chloro
indole (38 mg, 0.25 mmol), CF;SO,Cl (54 uL, 0.5 mmol), Cs,CO; (42 mg, 0.13 mmol)) and 1 (0
mg, 5 mol%). Product was isolated as white solid (27 mg, 52%).

'"H NMR (400 MHz, DMSO) & 11.57 (s, 1H), 7.58 (dd, J= 6.0, 2.3 Hz, 2H), 7.46 — 7.22 (m, 2H).
3C NMR (101 MHz, DMSO) & 133.68, 128.04 (d, ] = 256.54 Hz), 126.76, 126.28, 124.89,
124.20, 119.28, 114.37, 112.35, 102.54. '°F NMR (376 MHz, DMSO) 6 -59.00.

H
N

e,
CF;
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4-methyl-3-(trifluoromethyl)-1H-indole (2m): Reaction procedure (B) was followed with 4-
methyl indole (33 mg, 0.25 mmol), CF;SO,Cl (54 uL, 0.5 mmol), Cs,COj3 (42 mg, 0.13 mmol)) and
1 (10 mg, 5 mol%). The product was isolated white solid. (38 mg, 71 %).

"H NMR (400 MHz, CDCl;) 6 7.97 (s, 1H), 7.50 (d, J=7.9 Hz, 1H), 7.19 (d, /= 2.6 Hz, 1H),

7.13 (t,J=17.5 Hz, 1H), 7.06 (d, /= 7.1 Hz, 1H), 2.49 (s, 3H). 13C NMR (101 MHz, CDCl;) &
134.63, 127.75 (d, J = 236.34 Hz), 125.08, 123.72, 120.78, 120.73, 120.66, 116.12, 107.14, 16.34,
16.32. ’F NMR (376 MHz, CDCl;) 8 -60.42.

§\ ZT

CF;

2-methyl-3-(trifluoromethyl)-1H-indole (2n): Reaction procedure (B) was followed with 2-
methyl indole (66 mg, 0.5 mmol), CF3SO,CI (110 pL, 1.0 mmol), Cs,COj3 (84 mg, 0.25 mmol)) and
1 (20 mg, 5 mol%). Product was isolated as white solid (40 mg, 54 %). Analytical data matches
literature reported product.S!!

'"H NMR (400 MHz, CDCl;) 6 7.86 (s, 1H), 7.53 (dd, J=5.9, 3.0 Hz, 1H), 7.29 — 7.26 (m, 1H),
7.20 —7.13 (m, 2H), 2.43 (s, 3H). '°F NMR (376 MHz, CDCl;) 6 -74.94.

5\ ZT

MeO
CF;

5-methoxy-3-(trifluoromethyl)-1H-indole (20): Reaction procedure (B) was followed with 5-
methoxy indole (37 mg, 0.25 mmol), CF;SO,Cl (54 pL, 0. mmol), Cs,CO; (42 mg, 0.13 mmol))
and 1 (10 mg, 5 mol%). The product was isolated as white solid (26 mg, 48%).
'TH NMR (400 MHz, CDCls) 6 8.01 (s, 1H), 7.24 (d, J= 8.8 Hz, 1H), 7.13 (d, /= 2.7 Hz, 1H),
7.07 (d, J=2.3 Hz, 1H), 6.92 (dd, J = 8.8, 2.5 Hz, 1H), 3.90 (s, 3H). 3C NMR (101 MHz, CDCl5)
0 154.88, 130.07, 127.36 (d, J = 295.93 Hz) 125.87, 121.55, 114.08, 112.57, 106.20, 99.34, 55.93
(d, J=3.03 Hz). '°F NMR (376 MHz, CDCl;) § -60.10.

MeO

ﬁ\ ZT

ci CF;

4-chloro-5-methoxy-3-(trifluoromethyl)-1H-indole (2p): Reaction procedure (B) was followed
with 4-chloro-5-methoxy-1H-indole (45 mg, 0.25 mmol), CF;SO,Cl (54 uL, 0.5 mmol), Cs,CO;
(42 mg, 0.13 mmol)) and 1 (10 mg, 5 mol%). The product was isolated as brown solid (40 mg, 71%)
which darkens to black overtime.

'H NMR (400 MHz, CDCl;) 6 8.32 (s, 1H), 7.30 (d, J= 8.7 Hz, 1H), 7.07 — 7.01 (m, 2H), 3.89 (s,
3H). BC NMR (101 MHz, CDCls) 6 155.64, 129.11, 126.08, 120.81 (d, ] =270.68 Hz), 117.69,
114.01, 113.27, 112.01, 99.68, 55.89 (d, J = 4.04 Hz). °F NMR (376 MHz, CDCl5) 6 -59.78.
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7-methoxy-3-(trifluoromethyl)-1H-indole (2q): Reaction procedure (B) was followed with 7-
methoxy indole (37 mg, 0.25 mmol), CF3SO,ClI (54 uL, 0.5 mmol), Cs,CO; (42 mg, 0.13 mmol))
and 1 (10 mg, 5 mol%). The product was isolated as pale brown solid (30 mg, 55%).
"H NMR (400 MHz, CDCl;) 6 8.35 (s, 1H), 7.30 (d, J=8.7 Hz, 1H), 7.03 (d, /= 9.0 Hz, 2H),
3.89 (s, 3H). PC NMR (101 MHz, CDCl;) 6 155.65, 129.46, 129.13, 126.09, 121.26 (d, J = 39.39

Hz), 120.83 (d, J = 269.67 Hz), 117.68, 113.27, 99.71, 55.89 (d, J = 4.04 Hz). '°F NMR (376
MHz, CDCl;) & -59.78.

Fs;C

MeO
OH

2-methoxy-3-(trifluoromethyl)phenol (2r): Reaction procedure (B) was followed with 2-
methoxyphenol (32 mg, 0.25 mmol), CF3SO,Cl (54 pL, 0.5 mmol), Cs,CO3 (42 mg, 0.13 mmol))
and 1 (10 mg, 5 mol%). The product was isolated as pale brown solid (24 mg, 50%).

'"H NMR (400 MHz, CDCl;) 6 8.64 (s, 1H), 7.28 (d, J= 8.0 Hz, 1H), 7.18 (t, /= 8.0 Hz, 1H),
6.78 (d, J= 7.7 Hz, 1H), 3.98 (s, 3H). 3*C NMR (101 MHz, CDCl5) 6 146.42, 126.80, 125.22,
122.41, 120.84 (q, J =269.57 Hz), 111.83, 104.92, 55.69 (d, J = 4.04 Hz). '’F NMR (376 MHz,
CDCl;) 6 -60.67.

Br Br
\ \ CF;
| 1 + |l _
F;C7 N N
2s 2s'

25 :28'=63.4%:36.6%
4-bromo-2-methyl-6-(trifluoromethyl)pyridine (2s): Reaction procedure (B) was followed with
4-bromo-2-methyl-pyridine (86 mg, 0.5 mmol), CF5SO,Cl (107 pL, 1.0 mmol), Cs,CO; (81 mg,
0.25 mmol)) and 1 (20 mg, 5 mol%). Product was isolated as colourless oil (132 mg, 98%, r.r.:
63.4 % : 36.6 %)

'"H NMR (400 MHz, CDCl;) 6 8.24 (d, J= 5.4 Hz, 1H), 7.29 (s, 1H), 7.21 (dd, J = 5.4 Hz, 1H),
6.73 (s, 1H), 2.47 (s, 3H), 2.20 (s, 2H). *C NMR (101 MHz, CDCl;) 4 160.01, 149.89, 137.85,
133.21, 127.02, 126.78, 124.34, 24.28, 21.33. IF NMR (376 MHz, CDCl;) 3 -63.34, -63.43.
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Fig S4. 'TH NMR spectrum of 2f recorded in CDCl;, solvent residual peak is at 7.26 ppm.
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Fig S5. 3C NMR spectrum of 2f recorded in CDCl;, solvent residual peak is at 77.16 ppm.
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Fig S6. 'F NMR spectrum of 2f recorded in CDCl;,
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Fig S7. "H NMR spectrum of 2g recorded in CDCl;, solvent residual peak is at 7.26 ppm.
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Fig S10. '"H NMR spectrum of 2h recorded in CDCls, solvent residual peak is at 7.26 ppm.
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Fig S12. "H NMR spectrum of 2i recorded in CDCl;, solvent residual peak is at 7.26 ppm
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Fig S13. 3C NMR spectrum of 2i recorded in CDCls, solvent residual peak is at 77.16 ppm.
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Fig S15. 'TH NMR spectrum of 2j recorded in DMSO-D6, solvent residual peak is at 2.50 ppm.
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Fig S16. 13C NMR spectrum of 2j recorded in DMSO-D6, solvent residual peak is at 39.5 ppm.
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Fig S18. 'H NMR spectrum of 2k recorded in CDCls, solvent residual peak is at 7.26 ppm.
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Fig S19. 3C NMR spectrum of 2k recorded in CDCl;, solvent residual peak is at 77.16 ppm
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Fig S20. 'F NMR spectrum of 2k recorded in CDCl;,
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Fig S21. "H NMR spectrum of 21 recorded in DMSO-ds, solvent residual peak is at 2.50 ppm.
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Fig S22. 3C NMR spectrum of 2l recorded in DMSO-ds, solvent residual peak is at 39.5 ppm.
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Fig S24. "H NMR spectrum of 2m recorded in CDCls, solvent residual peak is at 7.26 ppm
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Fig S25. 13C NMR spectrum of 2m recorded in CDCl;, solvent residual peak is at 77.16 ppm.
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Fig S26. °F NMR spectrum of 2m recorded in CDCls
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Fig S27."H NMR spectrum of 2n recorded in CDCl;, solvent residual peak is at 7.26 ppm
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Fig S29. "TH NMR spectrum of 20 recorded in CDCls, solvent residual peak is at 7.26 ppm
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Fig S30. 3C NMR spectrum of 20 recorded in CDClj, solvent residual peak is at 77.16 ppm.
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Fig S31. 1F NMR spectrum of 20 recorded in CDCl;
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Fig S32. 'TH NMR spectrum of 2p recorded in CDCl;, solvent residual peak is at 7.26 ppm
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Fig S33. 3C NMR spectrum of 2p recorded in CDCls, solvent residual peak is at 77.16 ppm.
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Fig S34. 19F NMR spectrum of 2p recorded in CDCls
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Fig S35. 'H NMR spectrum of 2q recorded in CDCl;, solvent residual peak is at 7.26 ppm
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Fig S36. 3C NMR spectrum of 2q recorded in CDCls, solvent residual peak is at 77.16 ppm.
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Fig S38. '"H NMR spectrum of 2r recorded in CDCls, solvent residual peak is at 7.26 ppm
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Fig S39. 3C NMR spectrum of 2r recorded in CDCls, solvent residual peak is at 77.16 ppm.
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Fig S40. 'F NMR spectrum of 2r recorded in CDCls
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Fig S41. "TH NMR spectrum of 2s recorded in CDCls, solvent residual peak is at 7.26 ppm
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Figure S42. 3C NMR spectrum of 2s recorded in CDCls, solvent residual peak is at 77.16 ppm
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Fig S43. 9F NMR spectrum of 2s recorded in CDCl;
7.0 Coordinates of optimized geometries
Ph.PhNacNac-
-11
0.86741100 0.35513700 1.48441800
0.92873200 0.33981200 -1.44661400
1.58070800 0.11167900 -2.63712500
-0.40833300 0.14908000 1.26522500
-1.40260700 0.01668300 2.39915300
1.36405900 -1.01209100 -3.46645300
0.59808300 -1.72776500 -3.18178400
-0.35900200 0.15879200 -1.27875400
-1.00288700 0.11713800 -0.01927200
-2.08681300 0.11360200 -0.03991300
1.48004400 0.13143100 2.69656200
-1.31095900 0.07207800 -2.45280900
-1.35773600 0.88829000 3.49299000
-0.57573100 1.64115500 3.52984300
2.47452100 1.03904500 3.12240800
2.66941600 1.89806400 2.48720900
-2.34044200 -0.87318600 -2.48559900
-2.42945300 -1.57340800 -1.65941300
-2.40452000 -0.95786900 2.36882600
-2.43928500 -1.64009100 1.52378500
2.61447800 0.99550600 -3.01696000
2.80861100 1.84334500 -2.36667200
1.26339500 -1.00593300 3.50688100
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3.17599400 0.84479700 4.30350500
3.92795800 1.57171500 4.60316300
-1.19712600 0.96612200 -3.52334600
-0.39337100 1.69646600 -3.51069300
-3.33311800 -1.06488600 3.40158500
-4.09858400 -1.83563500 3.36236600
-3.28044000 -0.18827100 4.48150900
-4.00398600 -0.26781500 5.28836900
-2.28895400 0.79114700 4.52082600
-2.23951700 1.48083400 5.35914100
3.35395900 0.79256400 -4.17320500
4.13578900 1.50136500 -4.43772000
2.93456400 -0.27466700 5.10175600
3.48961400 -0.43015500 6.02239200
-3.22898600 -0.92919700 -3.55710500
-4.01712100 -1.67773200 -3.56668800
2.11518700 -1.21273700 -4.61774800
1.92044700 -2.08957000 -5.23169400
1.97681300 -1.19759000 4.68349500
1.78356100 -2.08532200 5.28200700
-2.08777900 0.91977200 -4.58965400
-1.98453600 1.62635500 -5.40876400
-3.10765800 -0.03051300 -4.61309300
-3.80005900 -0.07069900 -5.44964900
3.11239700 -0.31264300 -4.99109000
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0.00000100 -0.00000200 -0.15269700
-1.71014100 0.21921700 0.93610000
-0.70235100 -1.63928100 -1.16493400
0.29777200 -2.54605100 -1.57508700
-2.86038300 -0.29945200 0.54152900
-4.13454500 0.07325400 1.23503900
0.18767100 -3.93581000 -1.41770900
-0.73530300 -4.35713600 -1.03223300
-2.01094500 -1.86734100 -1.28437900
-3.00141200 -1.17092300 -0.56794700
-4.02171500 -1.36689400 -0.87184300
-1.51843900 0.83843600 2.19509100
-2.51983100 -2.86195400 -2.28441700
-4.41770800 1.41852300 1.49340100
-3.69584000 2.17812400 1.20700200
-0.83762600 2.06059100 2.24101500
-0.56954500 2.55122600 1.30691000
-3.54515600 -3.75222800 -1.95588400
-3.94972600 -3.74541400 -0.94768400
-5.06777700 -0.90326000 1.59009200
-4.84424900 -1.94737500 1.38916200
1.51402600 -2.01811400 -2.03385700
1.61998600 -0.93941600 -2.14521600
-1.86552400 0.20076500 3.39100100
-2.35851000 -0.76586900 3.35175700
-0.53036400 2.64431600 3.46619500
-0.01076600 3.59752700 3.48863800
-1.99214400 -2.87953500 -3.57998800
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-1.19385600 -2.18955100 -3.83774500
-6.26129100 -0.54405000 2.21022400
-6.97485400 -1.31118400 2.49439900
-6.53798000 0.79666800 2.46364200
-7.47025300 1.07843600 2.94316600
-5.61642300 1.77701500 2.09880100
-5.83231800 2.82384900 2.28736900
2.57948600 -2.85431700 -2.34739200
3.51055300 -2.41976700 -2.69813300
-0.88356600 2.01163500 4.65564500
-0.63546000 2.46390300 5.61059400
-4.02889100 -4.65226600 -2.90160200
-4.81780600 -5.34712200 -2.63110500
1.25556900 -4.76614600 -1.73930600
1.15056100 -5.83914900 -1.60972600
-1.54947800 0.78819300 4.61034800
-1.81149000 0.27655600 5.53160600
-2.48444800 -3.76862000 -4.52764600
-2.07319800 -3.76733600 -5.53211900
-3.50114900 -4.66063500 -4.18972500
-3.87976600 -5.35961500 -4.92889400
2.45589000 -4.23475000 -2.20681700
3.28784000 -4.88805500 -2.44830400
1.71014500 -0.21922600 0.93609600
0.70235000 1.63928100 -1.16492900
-0.29777500 2.54605200 -1.57507600
2.86038800 0.29944100 0.54152200
4.13455800 -0.07326400 1.23502200
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-0.18767700 3.93581000 -1.41769200
0.73529600 4.35713800 -1.03221400
2.01094400 1.86734100 -1.28437600
3.00141300 1.17091900 -0.56794900
4.02171400 1.36688800 -0.87185200
1.51843600 -0.83843800 2.19509000
2.51983100 2.86195300 -2.28441600
4.41777500 -1.41853900 1.49329400
3.69594400 -2.17815200 1.20683400
0.83761000 -2.06058500 2.24101700
0.56952700 -2.55122200 1.30691400
3.54515900 3.75222300 -1.95588700
3.94973300 3.74540700 -0.94768800
5.06775100 0.90326300 1.59014400

4.84418300 1.94738300 1.38928200

-1.51402800 2.01811300 -2.03384700
-1.61998600 0.93941500 -2.14521100
1.86552000 -0.20076400 3.39099800
2.35851500 0.76586600 3.35175100

0.53033700 -2.64430100 3.46619900
0.01072900 -3.59750700 3.48864500
1.99213900 2.87953600 -3.57998500
1.19384700 2.18955400 -3.83773900
6.26127500 0.54405900 2.21026000

6.97480600 1.31120300 2.49449100

6.53801500 -0.79666400 2.46359200
7.47029600 -1.07842600 2.94310400
5.61650100 -1.77702300 2.09867800
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5.83243700 -2.82386200 2.28717500
-2.57949000 2.85431500 -2.34737900
-3.51055600 2.41976400 -2.69812200
0.88354000 -2.01161800 4.65564700
0.63542500 -2.46387800 5.61059800
4.02889300 4.65226000 -2.90160700
4.81781200 5.34711400 -2.63111200
-1.25557800 4.76614500 -1.73928500
-1.15057300 5.83914800 -1.60970200
1.54946300 -0.78818200 4.61034700
1.81147500 -0.27654300 5.53160300
2.48444000 3.76862000 -4.52764400
2.07318600 3.76733900 -5.53211500
3.50114600 4.66063200 -4.18972700
3.87976100 5.35961200 -4.92889600
-2.45589800 4.23474700 -2.20679900
-3.28784900 4.88805100 -2.44828300

0.00013100 -0.00003500 -0.15109100
-1.67053700 0.21239700 1.00194800

-0.72493000 -1.60936700 -1.20911500
0.27098500 -2.45384000 -1.74374200
-2.83451100 -0.30396900 0.65054400
-4.09459500 0.03925800 1.37492200

0.21990100 -3.85386200 -1.65263200
-0.64751300 -4.33317000 -1.21123900
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-2.02925200 -1.87131200 -1.24917100
-2.98578300 -1.17524700 -0.46865100
-4.01517300 -1.40148300 -0.71891600
-1.43710900 0.88262600 2.22559400
-2.59030100 -2.87814300 -2.20116500
-4.39538500 1.37620900 1.65773700
-3.69785900 2.15704500 1.36855300
-0.65299400 2.04321200 2.20095300
-0.35773800 2.46731400 1.24288200
-3.55052300 -3.80158300 -1.77898300
-3.86200900 -3.81442100 -0.73798300
-4.99869600 -0.96287600 1.73695700
-4.76354700 -2.00196900 1.52204100
1.41595400 -1.84320500 -2.28042700
1.45962100 -0.75763100 -2.35311800
-1.84234700 0.34384300 3.45412500
-2.41996000 -0.57465700 3.47122600
-0.29610300 2.66886900 3.39140300
0.29489500 3.57860300 3.36317900
-2.18546000 -2.86917900 -3.54072500
-1.44199500 -2.15009000 -3.87349100
-6.18295200 -0.63528200 2.39061800
-6.87423200 -1.41934500 2.68121700
-6.47878500 0.69686800 2.66699300
-7.40510400 0.95369400 3.17032100
-5.58670700 1.70159000 2.29431300
-5.82068100 2.74071100 2.50040300
2.47080800 -2.61624500 -2.75080800
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3.34271700 -2.13083400 -3.17656100
-0.69524400 2.13011400 4.61139900
-0.40915800 2.61247900 5.54009500
-4.08805700 -4.71595600 -2.68039900
-4.82360300 -5.43827500 -2.34233300
1.28472800 -4.61629700 -2.11255900
1.23923100 -5.69727200 -2.03085100
-1.46489900 0.96584200 4.63567200
-1.76429000 0.53202500 5.58435800
-2.73586500 -3.77156100 -4.44207200
-2.42628100 -3.75130400 -5.48165000
-3.68338500 -4.70010200 -4.01237000
-4.10682200 -5.40848100 -4.71674900
2.40967400 -4.00552600 -2.66873600
3.23582800 -4.60997600 -3.02726700
1.67063600 -0.21250900 1.00192600
0.72501700 1.60915600 -1.20912500
-0.27090400 2.45372900 -1.74362800
2.83463900 0.30386800 0.65047300
4.09469600 -0.03942200 1.37489400
-0.21988300 3.85372400 -1.65214600
0.64751700 4.33293000 -1.21059700
2.02937400 1.87113600 -1.24915200
2.98595500 1.17513800 -0.46868300
4.01534100 1.40137800 -0.71897100
1.43714200 -0.88253800 2.22568500
2.59029400 2.87804000 -2.20116200
4.39543000 -1.37639000 1.65772700
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3.69787400 -2.15719200 1.36852000
0.65309900 -2.04317300 2.20120800
0.35801900 -2.46749600 1.24318200
3.55061700 3.80142800 -1.77907100
3.86228000 3.81414900 -0.73811800
4.99884700 0.96266600 1.73696100

4.76374400 2.00176900 1.52202900

-1.41581000 1.84322400 -2.28057500
-1.45939100 0.75766800 -2.35359200
1.84220300 -0.34351900 3.45417200
2.41979900 0.57500000 3.47115900

0.29606000 -2.66860500 3.39173900
-0.29489500 -3.57836900 3.36361700
2.18521400 2.86923200 -3.54065900
1.44165900 2.15019900 -3.87335400
6.18307400 0.63501400 2.39065500

6.87438400 1.41904900 2.68127100

6.47884000 -0.69715000 2.66704100
7.40513600 -0.95401900 3.17039400
5.58672200 -1.70183000 2.29433700
5.82064000 -2.74096400 2.50043500
-2.47067600 2.61635600 -2.75080000
-3.34253400 2.13103100 -3.17675500
0.69504000 -2.12961600 4.61167900
0.40887600 -2.61181900 5.54043500
4.08802600 4.71586600 -2.68050200
4.82365500 5.43813200 -2.34249500
-1.28469400 4.61626300 -2.11197400
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-1.23920300 5.69722300 -2.03001200
1.46467100 -0.96532500 4.63580300
1.76397600 -0.53132900 5.58443700
2.73548900 3.77168200 -4.44202400
2.42571100 3.75153700 -5.48154900
3.68312100 4.70015000 -4.01240600
4.10645600 5.40858300 -4.71679400
-2.40959800 4.00561700 -2.66836800

— O - O T O T O =

-3.23574000 4.61013800 -3.02680600

1%+ (as triplet )
23

N
=}

-0.00000600 0.00004200 -0.16541800
-1.69337500 0.25046700 0.98488700
-0.78726700 -1.60598900 -1.21407300
0.20679400 -2.41816200 -1.82338500
-2.85790700 -0.28522700 0.70165500
-4.09943000 0.00329300 1.46694700
0.20047000 -3.81448100 -1.70465400
-0.62119200 -4.31297700 -1.20073100
-2.07510100 -1.88259800 -1.25027200
-3.02296700 -1.16730500 -0.43221400
-4.05771100 -1.39059800 -0.66489400
-1.42141500 0.94062700 2.19709400
-2.66636400 -2.89277500 -2.16815000
-4.42718000 1.32426600 1.79857100
-3.76261400 2.13590400 1.51728100
-0.65155200 2.10717600 2.12423900

QO @=Z— 0O OO o =m o o @D 0 o o oz Z

543



O T o T o T o xx o xx o o o o o o o T o X a Z

-0.39688800 2.52460900 1.15093600
-3.63439400 -3.78904400 -1.70153100
-3.92413500 -3.78234600 -0.65359400
-4.96726800 -1.03753200 1.81593300
-4.71378200 -2.06553700 1.56809900
1.28014400 -1.77277300 -2.45041300
1.26958900 -0.68929800 -2.55964100
-1.78339800 0.40818300 3.44005400
-2.35117500 -0.51523100 3.48947600
-0.27865400 2.76213300 3.29331800
0.28815000 3.68540300 3.23672300
-2.29116100 -2.91481300 -3.51781700
-1.54616400 -2.21543100 -3.88714600
-6.14142300 -0.76349900 2.50942300
-6.80380200 -1.57423500 2.79250400
-6.46545800 0.55215100 2.83269300
-7.38663200 0.76739100 3.36368700
-5.61186600 1.59446400 2.47050100
-5.87249600 2.61931000 2.71142000
2.32124400 -2.51984800 -2.99023100
3.13609400 -2.01849300 -3.50134000
-0.63871900 2.23576900 4.53269100
-0.34227800 2.74325400 5.44443500
-4.20651200 -4.71250600 -2.57047600
-4.94463300 -5.41617200 -2.20144900
1.25869400 -4.54877600 -2.22371200
1.25839500 -5.62866000 -2.12198900
-1.38239800 1.05697700 4.60051000
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-1.65218400 0.63887400 5.56462200

-2.88227000 -3.82283100
-2.60263900 -3.82682200
-3.83402000 -4.72649000
-4.28809300 -5.43930900

-4.38606800
-5.43394900
-3.91255100
-4.59265000

2.31480700
3.13105000
1.69335300
0.78723400

-3.90860500 -2.87381700
-4.49181100 -3.28587700
-0.25039500 0.98488900
1.60609900 -1.21405500

-0.20689700 2.41829300 -1.82323700

2.85788500
4.09943800

0.28530400 0.70165800
-0.00325500 1.46689100

-0.20078000 3.81459200 -1.70420600

0.62078700
2.07508200
3.02293200
4.05767900
1.42137100
2.66645100
4.42727000
3.76274500
0.65155800
0.39696100
3.63421500
3.92361700
4.96723500
4.71369000

4.31310400 -1.20014700
1.88268900 -1.25027500
1.16737900 -0.43221200
1.39060500 -0.66494200
-0.94054700 2.19709700
2.89273600 -2.16823900
-1.32425500 1.79833300
-2.13589300 1.51694700
-2.10712800 2.12422200
-2.52458600 1.15091300
3.78925800 -1.70155100
3.78288300 -0.65351900
1.03756700 1.81598500
2.06559200 1.56829300

-1.28017600 1.77289200 -2.45037200
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-1.26948800 0.68943900 -2.55980100
1.78326200 -0.40806800 3.44007000
2.35098800 0.51537700 3.48951000

0.27863600 -2.76209000 3.29329100
-0.28812300 -3.68538600 3.23667900
2.29171800 2.91434500 -3.51804800
1.54698100 2.21473100 -3.88745500
6.14142000 0.76350600 2.50941400

6.80376400 1.57424100 2.79258300

6.46553000 -0.55216800 2.83250800
7.38672800 -0.76742800 3.36345200
5.61198500 -1.59447800 2.47019900
5.87267700 -2.61934200 2.71097500
-2.32136900 2.51993400 -2.99005700
-3.13615300 2.01857000 -3.50126300
0.63861800 -2.23569500 4.53267400
0.34215600 -2.74318200 5.44441100
4.20647300 4.71258600 -2.57054800
4.94436800 5.41645900 -2.20146300
-1.25909700 4.54884800 -2.22312600
-1.25895300 5.62871000 -2.12117100
1.38223600 -1.05686500 4.60051400
1.65195100 -0.63873500 5.56463400
2.88297700 3.82222100 -4.38634200
2.60370800 3.82587900 -5.43432100
3.83442000 4.72616300 -3.91274700
4.28861100 5.43887000 -4.59288400
-2.31511300 3.90866800 -2.87338000

546



H -3.13143300 4.49184600 -3.28532800
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