Protecting Group-Free Photocatalyzed O-Arylation of Quinic Acid
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Experimental Procedures 
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 Figure S1: Emission profile of the Kessil® PR160L@456 nm used to irradiate the solutions (form Kessil® website: https://www.kessil.com/science/PR160L.php)
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Figure S2: Reaction set-up for irradiation: a) side view of apparatus with cooling fan visible on top; b) cooling fan; c) top-down view of off setup and of d) on setup. The former two pictures show the reaction vessel in the center of the three light sources, 2.7 cm away from the lenses of the lamps.  
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Procedure adopted for the optimization of photoredox O-arylation of QA
A flame-dried 10 mL Schlenk tube, equipped with a Rotaflo® stopcock, magnetic stirring bar and an argon supply tube, was firstly charged under argon with nickel source (2.5 μmol, 5 mol%). The tube was then charged with 4-iodobenzotrifluoride (13.6 mg, 0.05 mmol, 1 equiv.), photocatalyst (0.5 μmol, 1 mol%), ligand (2.6 μmol, 0.0525 equiv.), phthalimide (7.35 mg, 0.05 mmol, 1 equiv.) and quinic acid (9.6-19 mg, 0.05-0.1 mmol, 1-2 eq) followed by anhydrous DMSO-d6 (0.5 mL). The reaction mixture was vigorously stirred for 5 minutes, after which base (0.05-0.1 mmol, 1-2 equiv.) was added, the reaction mixture was further subjected to a freeze-pump-thaw procedure (three cycles), and the vessel was refilled with argon. The reaction mixture was irradiated under vigorous stirring for 15 h. After that, trimethoxybenzene (tmb) (0.05 mmol, 8.4 mg) was added as an internal standard and analyzed by 1H NMR. 

Procedure adopted for the optimization of photoredox decarboxylation arylation of QA (0.2 mmol aryl iodide)
A flame-dried 10 mL Schlenk tube, equipped with a Rotaflo® stopcock, magnetic stirring bar and an argon supply tube, was firstly charged under argon with nickel source (0.01 mmol, 5 mol%). The tube was then charged with 4-iodobenzotrifluoride (54.4 mg, 0.2 mmol, 1 equiv.), photocatalyst (0.002 mmol, 1 mol%), ligand (0.0104 mmol, 0.0525 equiv.), phthalimide (29.4 mg, 0.2 mmol, 1 equiv.) and quinic acid (38.4-76 mg, 0.2-0.4 mmol, 1-2 eq) followed by anhydrous DMSO-d6 (0.5 mL). The reaction mixture was vigorously stirred for 5 minutes, after which base (0.2-0.4 mmol, 1-2 equiv.) was added, the reaction mixture was further subjected to a freeze-pump-thaw procedure (three cycles) and the vessel was refilled with argon. The reaction mixture was irradiated under vigorous stirring for 15 h. After that, trimethoxybenzene (tmb) (0.2 mmol, 33.6 mg) was added as an internal standard and analyzed by 1H NMR. 
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[bookmark: _Hlk189636013]Figure S3: Identification of the reaction components in the 1H NMR (DMSO-d6, 300 MHz) spectra for the O-arylation of quinic acid
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	Entry
	Ni mol%
	Bpy mol%
	Yield%
	Aryl remaining%

	1
	5
	5.25
	69
	-

	2
	10
	10.5
	67
	-

	3
	15
	15.75
	50
	30

	4
	20
	21
	44
	37



b) 
[image: ]

	Entry
	5CZBN mol%
	Aryl eq
	QA and BTMG eq
	Yield%
	Aryl Remaining%

	1
	5
	1
	1
	71,5
	nd*

	2
	1
	1
	1
	52
	33

	3
	1
	1
	2
	69
	0

	4
	1
	2
	1
	60
	54

	5
	5
	1
	2
	85
	0


						*non determined

Table S1. a) Influence of amount of nickel catalyst and ligand; b) influence of photocatalyst loading and stoichiometry of the reactants



Optimization of the reaction conditions for QA4Ac


Reaction mixture

Figure S4: Identification of the reaction components in the NMR spectra for the O-arylation of tetraacetylated quinic acid
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	Entry
	Additive
	Yield

	1
	KI
	8

	2
	MgCl2
	2


Table S2. Influence of selected inorganic salts as additives 
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The following compounds were detected in 1H NMR of the reaction crude mixtures employing the general procedure, even though they were not isolated due to the small amounts of product formed. 


Scheme S1



[bookmark: _Toc176362574]Computational Details
[bookmark: _Hlk176360602]All calculations were performed using the Gaussian 16 software package3 without symmetry constraints. The optimized geometries were obtained employing the BP86 functional4 an SDD5 basis set with effective core potential for Ni, Cl, and I and a standard 6-31+G(d,p)6-10 basis set for other atoms. Grimmes’s dispersion correction (DFT-D3),11 was taken in all geometry optimizations except for QA• (see below). Numerical integrations were performed with an ultrafine grid. Solvent effects (DMSO) were taking into account using the Polarizable Continuum Model (PCM) initially devised by Tomasi and coworkers12-14 as implemented on Gaussian 16, with radii and non-electrostatic terms for Truhlar and coworkers’ SMD solvation model.15 Transition state optimizations were performed with the Synchronous Transit-Guided Quasi-Newton Method (STQN) developed by Schlegel et al.16,17 Frequency calculations were performed to confirm the nature of the stationary points, yielding one imaginary frequency for the transition states and none for the minima. Each transition state was further confirmed by following its vibrational mode downhill on both sides and obtaining the minima presented on the energy profile. Stability tests were conducted on all nickel species (with stable keyword) to confirm the stability of the wavefunctions as implemented on Gaussian 16. Both low and high spin states of all purported nickel intermediates were considered, specifically singlet/triplet for Ni(II) and doublet/quartet for Ni(III). Lower energies were generally attained for the low spin complexes, or only slightly higher (< 1 kcal/mol) than for the high spins. 

The geometry optimization for QA• at the mentioned level of theory for other molecular species invariably led to the distension of the C-C bond resulting in CO2 extrusion. The lack of existence of such species in the BP86 potential energy surface was obviated by the use of M06 functional with 6-31+G(d,p) basis set to reach QA• optimized geometry. The electronic energies (Eb1) obtained at the M06/6-31G(d,p) level of theory were converted to free energy at 298.15 K and 1 atm (Gb1). Single point energy calculations were, then, performed using the BP86 functional and the same standard basis set. In such case, the free energy values presented for QA• (Gb2) were derived from the electronic energy values obtained at the BP86(PCM-DMSO)/6-31G(d,p)//M06(PCM-DMSO)/6-31G(d,p) level (Eb2), according to the following expression: Gb2 = Eb2 + Gb1 – Eb1. 
The values for the radii of donor and acceptor (a1 and a2, respectively), needed for the determination of the energy barriers in the single electron transfer (SET) processes, were determined using the Gaussian 16 keyword volume. 



Absolute Calculation Energies and Free energies (O-arylation)
	Geom
	Ea
	Gb
	IFc

	5
	-1246.755286
	-1246.564732
	-

	TS1‡
	-1246.752972
	-1246.561677
	-29.7

	6
	-1246.799271
	-1246.606361
	-

	7
	-2492.181407
	-2491.532288
	-

	TS2‡
	-2492.179683
	-2491.533991
	-958.6

	8
	-2492.206655
	-2491.555264
	-

	TS3‡
	-2492.199529
	-2491.548153
	-27.4

	9
	-2492.215025
	-2491.562602
	-

	S10
	-1960.149739
	-1959.784813
	-

	STS4‡
	-1960.091449
	-1959.727686
	-219.5

	S11
	-1960.107861
	-1959.74384
	-

	T10
	-1960.122812
	-1959.760095
	-

	TTS5‡
	-1960.076595
	-1959.715614
	-298.0

	T11
	-1960.084783
	-1959.720889
	-

	5’
	-1246.755286
	-1246.564732
	-


a) Values in Hartrees. Electronic energy calculated at BP86(PCM-DMSO)/(SDD,6-31+G**), except when mentioned; b) Values in Hartrees. Free energy values calculated at BP86(PCM-DMSO)/(SDD,6-31+G**), except when mentioned; C) Calculated Imaginary Frequencies (cm–1) for optimized geometries at BP86(PCM-DMSO)/(SDD,6-31+G**), except when mentioned.



Absolute Calculation Energies and Free energies (decarboxylative arylation)
	Geom
	Ea
	Gb
	IFc
	
	Geom
	Ea
	Gb
	IFc

	2-NiI
	-1126.830718
	-1126.71674
	-
	
	A§
	-1663.016250
	-1662.748183
	-

	CHT•
	-536.178638
	-536.04452
	-
	
	AB‡§
	-1663.015796
	-1662.747614
	-33.1

	A
	-1663.024444
	-1662.754332
	-
	
	B§
	-1663.050939
	-1662.778684
	-

	AB‡
	-1663.022754
	-1662.753587
	-31.5
	
	C’§
	-1782.952261
	-1782.604566
	-

	B
	-1663.058360
	-1662.785113
	-
	
	C’D‡§
	-1782.952242
	-1782.601361
	-10.3

	C’
	-1782.957653
	-1782.609321
	-
	
	D§
	-1782.963038
	-1782.613427
	-

	C’D‡
	-1782.957650
	-1782.607126
	-14.3
	
	DE‡§
	-1782.957249
	-1782.607778
	-93.7

	D
	-1782.967335
	-1782.616757
	-
	
	E§
	-1782.966582
	-1782.617627
	-

	DE‡
	-1782.961413
	-1782.611105
	-86.2
	
	E’§
	-1782.964186
	-1782.615128
	-

	E
	-1782.970796
	-1782.621316
	-
	
	E’F‡§
	-1782.964119
	-1782.612117
	-11.5

	E’
	-1782.973860
	-1782.624495
	-
	
	F§
	-1782.994239
	-1782.644863
	-

	E´F‡
	-1782.973474
	-1782.622733
	-38.8
	
	FG‡§
	-1782.985677
	-1782.638198
	-173.3

	F
	-1782.998983
	-1782.651351
	-
	
	G§
	-1783.012489
	-1782.660555
	-

	FG‡
	-1782.995092
	-1782.643854
	-111.2
	
	GH‡§
	-1782.985590
	-1782.634457
	-238.1

	G0
	-1783.022412
	-1782.669409
	-
	
	H§
	-1783.055134
	-1782.701339
	-

	G1
	-1783.015437
	-1782.662588
	-
	
	HJ‡§
	-1783.053427
	-1782.698642
	-48.9

	G2
	-1783.005143
	-1782.652857
	-
	
	J§
	-1783.055755
	-1782.70044
	-

	G3
	-1783.014246
	-1782.662052
	-
	
	JJ‡§
	-1783.054481
	-1782.699974
	-24.0

	G4
	-1783.013626
	-1782.661666
	-
	
	K§
	-1214.252064
	-1213.987456
	-

	G5
	-1783.019934
	-1782.666508
	-
	
	[bookmark: _Hlk146542667]KL‡§
	-1214.251639
	-1213.985016
	-20.7

	G6
	-1783.008419
	-1782.655954
	-
	
	L§
	-1214.287355
	-1214.017246
	-

	G7
	-1783.000384
	-1782.649387
	-
	
	Product§
	-1104.976947
	-1104.760304
	-

	G8
	-1783.010007
	-1782.657332
	-
	
	
	
	
	

	G1H‡
	-1782.992789
	-1782.641853
	-195.5
	
	[bookmark: _Hlk146540357]QA•
	-724.7647497d)
	-724.615044d)
	- 

	H
	-1783.063903
	-1782.708953
	-
	
	QA-
	-724.9833371
	-724.837198
	-

	HJ‡
	-1783.063089
	-1782.707689
	-21.1
	
	5CzBN
	-2906.198584
	-2905.432162
	-

	J
	-678.067320
	-677.954914
	-
	
	T5CzBN
	-2906.119632
	-2905.360202
	-

	K
	-1214.262041
	-1213.99391
	-
	
	5CzBN•+
	-2906.004908
	-2905.239544
	-

	KL‡
	-1214.259989
	-1213.991956
	-66.8
	
	5CzBN•-
	-2906.304094
	-2905.542648
	-

	L
	-1214.294002
	-1214.022485
	-
	
	T1-NiII
	-1587.081931
	-1586.969659
	-

	Product
	-1104.982807
	-1104.764957
	-
	
	btmgH+
	-520.397640
	-520.133022
	-

	CHT•§
	-536.175695
	-536.041996
	-
	
	btmg.HCl
	-980.792873
	-980.532420
	-


a) Values in Hartrees. Electronic energy calculated at BP86(PCM-DMSO)/(SDD,6-31+G**), except when mentioned; b) Values in Hartrees. Free energy values calculated at BP86(PCM-DMSO)/(SDD,6-31+G**), except when mentioned; C) Calculated Imaginary Frequencies (cm–1) for optimized geometries at BP86(PCM-DMSO)/(SDD,6-31+G**), except when mentioned. 



[bookmark: _Toc176362575]Computational study of the decarboxylative arylation hypothetic mechanism
Albeit the numerous computational studies on the dual catalytic photoredox nickel-catalyzed decarboxylative arylation18-21 the oxidation state nature of the intervenient nickel species is still not completely disclosed, with the sequence of events depending on the nickel ligand and the nature of the radical. When employing iridium complexes as photocatalysts, the initially proposed reduction of dihalide Ni(II) to Ni(0) species22,23 has been widely accepted. This has been further corroborated by observing that the presence of oxygen is beneficial to the transformation due to facilitated access to the excited singlet state of *Ir(III), followed by reductive quenching by a radical to deliver an Ir(II) complex responsible for Ni(II) reduction.24 Altogether, this has led to a mechanistic hypothesis based on a Ni0‒NiII‒NiIII‒NiI‒Ni0 cycle when employing iridium complexes as photocatalysts.20,25 Recent DFT studies by Oderinde have unveiled the possibility of the metallophotoredox decarboxylative arylation of natural amino acids to undergo a Ni0‒NiII‒NiI‒NiII‒Ni0 cycle concomitant with the SET reduction of NiIIArBr to NiIAr by the iridium photocatalyst.18 Whilst an outer-sphere reductive elimination via a Ni(III) intermediate was advanced as the most plausible when employing anionic diketonate ligand with a tert-butyl radical,26 the inner-sphere mechanism was suggested to be most favored for Ni-bipyridine catalytic systems. In the latter case, a Ni0‒NiI‒NiIII‒NiII‒NiIII‒NiI‒Ni0 cycle considering the radical dissociation to form a singlet-spin square planar Ni(II) intermediate followed by conformational change/intersystem crossing was acknowledged as important to produce the Ni(III) species prone for inner-sphere reductive elimination. Notably, the mechanistic pathway was suggested to depend on structural features of the tertiary radical or subtle changes in the nickel ligand.21,26 
The quinic acid deprotonation by btmg was determined to be a highly spontaneous process (ΔGr = -20.2 kcal/mol), as well as the decarboxylation step after the putative formation of the carboxyl radical to form CHT•, the cyclohexane-1,2,3,5-tetrol (ΔGr = -25.5 kcal/mol). The study was elaborated at the BP86(PCM-DMSO)/(SDD,6-31+G**) level of theory for all the species considered except for the radical species QA• from oxidation of the quinate ion. Despite the multiple attempts, the optimization of the carboxyl radical invariably led to the decarboxylated species, in line with a highly unstable system that does not exist in any potential energy surface. Fortunately, the use of Minnesota functional M06 allowed the optimization of such radical geometry, which was used in the study considering single-point energy at the desired level of studies. The energies were compared with the ones determined with other methods employed in the literature (specifically M06/(SDD,Def2-TZVPP)//PBE/(SDD,Def2-SVP)19,27,28 and determined to be in the same order of magnitude. The nickel ligand dtbbpy was replaced by the simpler 2,2′-bipyridine, for the sake of computational cost.

Photocatalytic cycle. The possibility of reducing the Ni(II) precatalyst by quenching the photoexcited photocatalyst was first studied, considering 2,2’-bipyridine as the Ni ligand (Figure S5). The two photoredox catalytic cycles start with the photoinduced excitation of 5CzBN to the singlet excited state eventually transformed into triplet T5CzBN by intersystem crossing. Comparison of the reductive and oxidative quenching cycles show a strong preference for the latter when comparing the energy barriers of single electron transfers. Specifically, the reductive quenching of T5CzBN by the quinate anion was determined to be highly endergonic (ΔGSET1=24.9 kcal/mol) having a high energy barrier associated (ΔG‡SET1=39.8 kcal/mol), whilst the same oxidation by the radical cation of the photocatalyst (5CzBN•+), while still being endergonic (ΔGSET4=18.5 kcal/mol), was deemed more feasible due to the lower SET energy barrier (ΔG‡SET4=25.1 kcal/mol). The reduction of the Ni(II) precatalyst to provide the catalytic active NiICl•bpy was estimated to be spontaneous in both quenching cycles (ΔGSET2=-22.6 and ΔGSET3=-16.2 kcal/mol), although less energy demanding for the oxidative quenching of T5CzBN (ΔG‡SET2=11.6 vs ΔG‡SET3=4.5), thus also suggesting the preference for such route. Overall, the photocatalyst quenching is slightly endergonic (ΔG=2.3 kcal/mol), a fact strongly compensated by the release of CO2. 

Figure S5: Two alternative mechanisms for the photoredox catalytic cycle. Free energy values at the BP86(PCM-DMSO)/(SDD,6-31+G**) level of theory are presented (in kcal/mol), except for QA (BP86(PCM-DMSO)/6-31+G**//M06(PCM-DMSO)/def2svp). ΔG‡ have been approximated using Marcus–Hush theory.

Nickel cycle. Having established the possibility of generating a Ni(I) species through oxidative quenching of the excited photocatalyst, we then evaluated the possibility for the NiCl•bpy to act as the catalytic active species. 
To account for the formation of two possible two diastereomers, both chair conformations of the carbon-centered radical of cyclohexane-1,2,3,5-tetrol (CHT•) were considered (Figure S6). Whilst a radical site inversion from CHT• to CHTax•, placing the single occupied orbital in an axial position, is likely to occur quickly, such conformer would not be likely to react with the nickel complex. This process would result in the placement of the bulky nickel complex in an unfavorable axial position of the cyclohexane derivative. However, the formation of the other diastereomer of the product would likely appear from a chair-to-chair conversion of CHT• to CHT§•, as the two conformers differ in energy by only 1.6 kcal/mol. Below (Figures S7-S9), the energy profile for the nickel cycle is presented and discussed starting from CHT•. Figures S11 and S12 present a similar approach starting from isomer CHT§•. 



Figure S6: Relative energies of the CHT• chair conformations with radical placed in equatorial positions (CHT• and CHT§•), and in an axial position (CHTax•).

The formation of tetravalent Ni(II) complex was first studied (Figure S7), and, unsurprisingly, the CHT• radical addition to NiCl•bpy is a highly favored process (ΔG = -15.0 kcal/mol). The radical addition step has a low energy barrier, being only 0.4 kcal/mol higher than the reactive pair A, which has the reacting carbon placed 3.80 Å away from the metal. The reduction of the nickel(II) species B, with concomitant liberation of chloride, would occur by the oxidative quenching of the photocatalyst. This SET process (ΔG‡ = 5.5 kcal/mol) could result in the liberation of 5CnBZ•+ together with the distorted T-shaped nickel(I) complex C. Upon stabilization of the later complex by a weak interaction with 4-iodobenzotrifluoride, the pair C’ would undergo the formation of 4.7 kcal/mol more stable tetrahedral η2-complex D (dNi-C = 2.04-2.07 Å) through a small energy barrier (ΔGC’D‡ = 1.4 kcal/mol) with incipient metal-carbon bonds (dNi-C = 2.90-3.07 Å). The 2.8 kcal/mol more stable η2-complex E, formed by iodobenzotrifluoride slippage from C2-C3 to C3-C4 coordination, would surpass a 3.6 kcal/mol barrier. The distorted trigonal pyramidal complex potentially formed is also characterized by the C-I bond distortion, as the iodine atom is placed 31.5° out of the aryl plane. The computational analysis of the oxidative addition-reductive elimination sequence (Figure S8) would proceed via the isomerization of complex E to E’, by repositioning the aryl ring through rotation around the C-Ni bond. The oxidative addition step would be characterized by a dissociative mechanism involving the iodide transfer followed by a cation-anion combination of ionic pair F. The C-I bond breaking transition state could be easily reached (ΔGE’F‡ = 1.1 kcal/mol), being clear the distension of the breaking C-I bond (dC-I = 2.38 Å in E’ vs dC-I = 2.59 Å in E’F‡) whilst the metal-carbon bond would barely change its length (dNi-C = 1.90 Å in E’ vs dNi-C = 1.88 Å in E’F‡). The formation of tetravalent Ni(II) complex F from E’ is a highly exergonic process, with the former being 16.9 kcal/mol more stable than the latter despite the clear absence of a C-I bond (dC-I = 5.76 Å). The Ni-I bond formation would occur through a small energy barrier (ΔGFG‡ = 4.7 kcal/mol), characterized by the long N-I bond length (dNi-I = 3.99 Å), that would be greatly shortened in G6 (dNi-I = 2.78 Å), accompanied by the planarization of the basal position of a square pyramidal geometry. A detailed study on the possible isomers of G (Figure S10) shows that a more stable configuration of the pentacoordinate Ni(III) complex places the halide, the aryl, and the cyclohexane derivate in the basal positions of a distorted square pyramidal geometry, having the iodine and the aryl substituent in trans positions. Whilst such configuration is 8.44 kcal/mol more stable than G6, conformation G1, which could undergo reductive elimination, could adopt a distorted square pyramidal geometry in which iodine is placed c.a. 34° out of the basal plane. The reductive elimination step would be highly exergonic (ΔG = - 49.0 kcal/mol for the overall reductive elimination step) but also have the highest energy barrier in the process (13.0 kcal/mol), being the rate-determining step as identified in other studies.20 The transition state G1H‡ would be characterized by the distension of the metal bond to the alkyl substituent (dNi-C = 2.02 Å in G1 vs dNi-C = 2.37 Å in G1H‡) and shortening of the C-C distance between the two carbon substituents of the metal (dC-C = 2.76 Å in G1 vs dC-C = 2.11 Å in G1H‡). The bond between the metal and the carbon of the aryl would remain strong along the process (dNi-C(aryl) = 1.92 Å in G1 vs dNi-C(aryl) = 1.90 Å in G1H‡). The decomplexation of the product from the Ni(I)•bpy η2-complex H could occur through an almost barrierless process (ΔGHJ‡ = 0.8 kcal/mol) releasing the product and Ni(I)•bpy catalytic active species J. The Ni(I) species turnover was further studied to close the catalytic cycle (Figure S9), with the radical addition step being similar to what was described for the NiCl•bpy analog. Also, the SET process for oxidative quenching of the excited photocatalyst by the Ni(II) species L was determined to have similar energy features that could result in the formation of the required Ni(I) active species C. The study for the other CHT• chair conformation (Figures S11-S12) shows a similar energy profile, with the intervenient species being generally 0.5-5.0 kcal/mol higher in energy than the herein presented profiles. The main differences in the two profiles, which could account for some diastereoselectivity, are the higher energy for the radical addition steps (ΔG‡AB = 4.8 kcal/mol vs ΔG‡AB§ = 7.0 kcal/mol) and the most energetic transition state for the reductive elimination step (ΔG‡G1H = -30.8 kcal/mol vs ΔG‡GH§ = -27.7 kcal/mol). 

[image: ]
Figure S7: Calculated energetics of the addition of quinic acid-derived radical to NiICl•bpy and subsequent coordination to 4-iodobenzotrifluoride upon Ni(II) reduction. Gibbs free energies were computed at the BP86(PCM-DMSO)/(SDD, 6-31+G**) level of theory. 

[image: ] 
Figure S8: Calculated energetics of the oxidative addition-reductive elimination steps of Ni(I) species formed upon radical addition. Gibbs free energies were computed at the BP86(PCM-DMSO)/(SDD, 6-31+G**) level of theory. 
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Figure S9: Calculated energetics for the formation of Ni(I) species C, prone to oxidative addition and reductive elimination steps. Gibbs free energies were computed at the BP86(PCM-DMSO)/(SDD, 6-31+G**) level of theory. 
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Figure S10: Relative stability of pentacoordinate Ni(III) complex G. Free energy values at the BP86(PCM-DMSO)/(SDD, 6-31+G**)  level of theory are presented and are relative to the most stable isomer G0 identified. The τ value determined for each complex defines an index of trigonality.29 
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Figure S11: Calculated energetics of the addition of a quinic acid-derived radical (CHT§•) to NiICl•bpy and subsequent oxidative addition of 4-iodobenzotrifluoride upon Ni(II) reduction. Gibbs free energies were computed at the BP86(PCM-DMSO)/(SDD, 6-31+G**)  level of theory. 
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Figure S12: Calculated energetics for the reductive elimination step and regeneration of the Ni(I) catalytic active species C§. Gibbs free energies were computed at the BP86(PCM-DMSO)/(SDD, 6-31+G**) level of theory. 


[bookmark: _Toc176362576]Calculation of the energy barriers of single electron transfer processes
Energy barriers of single electron transfer (SET) processes were estimated by applying the Marcus-Hush theory, in which the energy barrier of the process can be calculated according to the following expression:

where ΔGr is the free energy of the step, and λ is the total reorganization energy, which includes the internal energy and the solvent external energy. The first one is considered negligible, and the total reorganization becomes: 

where a1 and a2 are the radii of donor and acceptor, R is the sum of a1 and a2, εopt and ε are the optical dielectric constant and static dielectric constant of solvent respectively (for DMSO εopt = 4.4130; ε = 46.826 as implemented in Gaussian 16).

Table S3. Calculated free energy barriers (ΔG‡) of single electron transfer steps and their relevant parameters.

	
	a1 (Å)
	a2 (Å)
	R (Å)
	λ
	ΔGr (kcal/mol)
	ΔG‡
(kcal/mol)

	SET1
	4.85
	7.83
	12.68
	6.01
	24.92
	39.80

	SET2
	7.87
	4.88
	12.75
	5.97
	-22.59
	11.56

	SET3
	7.83
	4.88
	12.71
	5.98
	-16.20
	4.37

	SET4
	4.85
	7.83
	12.68
	6.01
	18.53
	25.07

	SET5
	7.83
	5.67
	13.5
	5.32
	5.49
	5.49

	SET5’
	7.83
	5.58
	13.41
	5.38
	5.47
	5.47

	SET5§
	7.83
	5.55
	13.38
	5.40
	3.12
	3.36

	SET5’§
	7.83
	5.94
	13.77
	5.14
	3.85
	3.93
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Figure S13: 1H NMR (CDCl3, 300 MHz) of compound 4a  
	[image: ]
Figure S14: 13C NMR (CDCl3, 75 MHz) of compound 4a 
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Figure S15: 19F NMR (CDCl3, 376 MHz) of compound 4a 
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Figure S16: 1H NMR (CDCl3, 300 MHz) of compound 4b 
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Figure S17: 13C NMR (CDCl3, 75 MHz) of compound 4b 
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Figure S18: 19F NMR (CDCl3, 376 MHz) of compound 4b
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Figure S19: 1H NMR (CDCl3, 300 MHz) of compound 4c 
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Figure S20: 13C NMR (CDCl3, 75 MHz) of compound 4c 
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Figure S21: 1H NMR (CDCl3, 300 MHz) of compound 4d 
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Figure S22: 13C NMR (CDCl3, 75 MHz) of compound 4d 
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Figure S23: 1H NMR (CDCl3, 300 MHz) of compound 4e 
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Figure S24: 13C NMR (CDCl3, 75 MHz) of compound 4e 
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Figure S25: 1H NMR (CDCl3, 300 MHz) of compound 4f 
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Figure S26: 13C NMR (CDCl3, 75 MHz) of compound 4f 
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Figure S27: 1H NMR (CDCl3, 300 MHz) of compound 4g 
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Figure S28: 13C NMR (CDCl3, 75 MHz) of compound 4g 
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Figure S29: 1H NMR (CDCl3, 300 MHz) of compound 4h 
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Figure S30: 13C NMR (CDCl3, 75 MHz) of compound 4h 
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Figure S31: 1H NMR (CDCl3, 300 MHz) of compound 4i 
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Figure S32: 13C NMR (CDCl3, 75 MHz) of compound 4i 
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Figure S33: 1H NMR (CDCl3, 300 MHz) of compound 4j
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Figure S34: 13C NMR (CDCl3, 75 MHz) of compound 4j 
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Figure S35: 1H NMR ((CD3)2SO, 300 MHz) of compound 4a’
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Figure S36: 13C NMR ((CD3)2SO, 75 MHz)of compound 4a’
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