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 Abstract 

Synthetic Photoelectrochemistry (PEC) is receiving increasing attention as a new frontier for the 

generation and handling of reactive intermediates. PEC permits selective single electron transfer 

(SET) reactions in a much greener way and broadens the redox window of possible 

transformations. Herein, the most recent contributions are reviewed, demonstrating exciting new 

opportunities. Namely, a combination of PEC with other reactivity paradigms (hydrogen atom 

transfer, radical polar crossover, energy transfer sensitization), scalability up to multigram scale, 

novel selectivities in SET super-oxidations/reductions, and the importance of precomplexation to 

temporally enable excited radical ion catalysis. 
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 Introduction 

The field of single electron transfer (SET) in organic synthesis and the late-stage functionalization 

of valuable compounds has expanded remarkably in the past two decades. Among this field, 

photoredox catalysis (PRC) and synthetic organic electrochemistry (SOE) are highly attractive to 

synthetic chemists due to i) their abilities to afford reactive intermediates under mild conditions 

and ii) their uses of light and electricity as sustainable energy sources to drive reactions.[1-2] As 

powerful and generally applicable as PRC and SOE are, these chemistries present some issues on 

a fundamental level. PRC reactions are limited by the redox window of photocatalysts which is 

in most part defined by the energy of visible photons (ca. 1.8–3.1 eV).[3] UV photons that access 

higher energy limits come with penalties of less energy- and cost-efficient reactors, safety and the 

direct exciting substrate molecules leading to deleterious pathways. Visible light PRC reactions 

utilizing multi-photonic processes therefore came to the fore for overcoming the ‘redox energy 

limit’.[4] To turnover PRC reactions, including these multi-photonic paradigms, large excesses of 

sacrificial oxidants or reductants can be required to generate active forms of the catalyst or to 

turnover ‘spent’ photocatalyst. In SOE reactions, electrodes generally do not enjoy the ability to 

distinguish between different reaction components beyond inherent thermodynamic redox 

potentials of reaction components. Over-oxidations and over-reductions as well as solvent redox 

processes can plague reactions.  

In this respect, engineering controls like tiny interelectrode distances,[5] alternating potential,[6] 

continuous flow manifolds[7] or surface modifications,[8] have shown promise in imparting 

selectivity in recent years. The merger of PRC and SOE, ‘synthetic photoelectrochemistry’, 

tackles these issues and has come to the forefront of methods for SET chemistry.[9] By channeling 

electrochemical and photochemical energy through a homogeneous (or heterogeneous) catalyst, 

intriguing new reactivity and selectivity opportunities are manifested. The essence of this 

emerging field has been captured by highlights[10] a full review[9] and partially covered in other 

reviews.[11] However, the field has expanded dramatically in the last couple of years in terms of 

its synthetic opportunities, reactivity concepts and mechanistic understanding. In the super-redox 

chemistry of electrogenerated radical ion (open shell) photocatalysts (Scheme 1), curious 

selectivities and reactivities unattainable by PRC or SOE chemistries have emerged, together with 

first pieces of evidence of catalyst-substrate precomplexation to rationalize otherwise time-

forbidden excited-state reactivity. While the use of HAT as a reactivity paradigm is well 

established in PRC and SOE,[12,13] its recent combination with PEC signals a broad scope of future 

synthetic applications. Finally, in (closed shell) photocatalyst electro-recycling, methods to 

upscale PEC to a productive level (multigram→multigram/h) are emerging, including various 

continuous photoflow and undivided cell batch setups.  
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Scheme 1. Focus of this review. 

 

In the following sections, we categorize the new examples as follows: 1) Super-

oxidations/reductions; 2) Photocatalyst Electro-recycling; 3) Photoelectrochemical HAT 

reactions. Interfacial photoelectrochemistry[9] is not covered.[14]  
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 Electrochemically-mediated Photoredox Catalysis for Selective 

Super-Oxidations or Super-Reductions 

The term ‘electrochemically-mediated photoredox catalysis’ (e-PRC) was coined as a blanket 

term to describe the category of PEC involving an intimate relationship of electro- and 

photochemical steps within the same catalytic cycle as subsequent steps.[9] This broadly separates 

into two sub-categories, ‘radical ion e-PRC’ and ‘recycling e-PRC’ (Section 2) which, although 

technically are mechanistically identical, are conceptually different. Radical ion e-PRC involves 

electrogenerated radical ions which are photoexcited to yield super-oxidants or super-reductants. 

The key advantage is that radical ion e-PRC can engage compounds beyond the redox windows 

accessible to photoredox catalysis or synthetic electrochemistry alone (−3.0 V to +3.0 V), since 

photoexcited radical ion catalysts are oftentimes colored species that possess higher redox energy 

(ca. ~0.5-1.5 eV than conventional neutral (closed shell) photocatalyst excited states. Seminal 

contributions of Moutet and Reverdy[15] first demonstrated this concept in the oxidations of 

diphenylethene and benzyl alcohol by an electrogenerated phenothiazine (PTZ) radical cation. 

These reports have been reviewed previously.[9] Lund and Carlsson first demonstrated the 

reductive paradigm; dechlorination of chlorobenzene by electrogenerated pyrene radical 

anions.[16] Inspired by this, the reductive dechlorination of chlorobiphenyls by 9,10-

diphenylanthracene was studied by Rusling.[17] While these reports established the fundamental 

concept of e-PRC, their focus was not synthetic and their conditions not synthetically applicable 

beyond a few catalytic turnovers. The field lay dormant for several decades until the recent dawn 

of its renaissance, driven by a combination of events: (i) an increasing interest in PRC and SOE,[9] 

(ii) the realization of chemically-generated photoexcited radical ions as potent redox agents in 

synthesis[4a-d] and (iii) seminal efforts in e-PRC in organic synthesis by synthetic groups[18] that 

have been reviewed previously.[9] A key platform that has underpinned rapid uptake of PRC by 

the synthetic community is the compilation of photocatalyst structures with their photophysical 

and redox properties, enabling chemists to logically plan reactions and provide best chances of 

success. Figure 1 depicts structures of historical and contemporary radical ion (pre)photocatalysts, 

while Table 1 summarizes their spectroscopic and redox properties as well as reported synthetic 

applications. Figure 2 summarizes the redox properties of radical ion photocatalysts compared to 

conventional photocatalysts and example substrates. While the focus of this section of the review 

is on e-PRC, this compilation of properties should equally assist practitioners of conPET 

photocatalysis in planning reactions. 
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Figure 1. Radical ion/radical pre-catalysts grouped by molecular architecture: photooxidant pre-catalysts (red 
background) and photoreductant precatalysts (blue background). Shading corresponds to pre-catalyst family, is 
indicative of oxidizing/reducing power of radical ion forms of the family but not specific cases (Table 1). 
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Table 1. Properties and applications of radical ion/radical photocatalysts. 

Pre-Catalysts Radical Ion/Radical Photocatalyst 

PRC max (abs) max(em) ns) E0-0 (eV) 
E1/2a (V) 

 
*E1/2a,b 

 
PRC max (abs) max(em)  E0-0 (eV) *E1/2 Application 

PTZ[19a] <320 450 1.5 - 7.6 (S1) 3.20 (S1)[a] +0.60 (−2.60) 
PTZ●+[19b] 

[b] 

834, 
747 
520 

- - 
1.48(D1)[a] 
2.38(Dn)[a] 

+2.08 
+2.98 Super [O] SET: 

styrenes;[4d,15a] 
alkylbenzenes, 

benzene[4h] N-Ph 
PTZ[19c] 

<380 
 

510, 
445 

0.8 - 2.3(S1) 
2.79(S1) 
2.43(T1) 

+0.68 (−2.10) 
N-Ph 

PTZ●+[19d],[c] 
864, 
514 

- <36 ps(D1) 
1.39(D1)[d] 
2.23(Dn)[d] 

+2.10 
+2.91 

TAC+ 

[18a],[e] 
<300 - - - +1.26 - 

TAC●2+ 

[18a],[c],[e] 

548, 
497, 
455 

- - 
2.07(D1)[d] 
2.72(Dn)[f] 

+3.33 
+3.98 

Super [O] SET:[18a] 
styrenes; 

alkylbenzenes 
benzene, 

halobenzenes 
dihalobenzenes 

TPPD 
[b] 

320 
[19e] 

432[19f] - 3.10(S1)[19f],[g] +0.61[19e] - 
TPPD 
[19e],[b] 

826 
404 

- - 
1.50(D1)[a] 
3.07(D1)[a] 

+2.11 
+3.68 

Super [O] SET:[15b] 
benzyl alcohol 

TpBPA 
[20],[b] 

345 420 1.7 3.10(S1)[g] +0.92 (−2.18) TpBPA●+ 
856, 
721, 
419 

- 4.6 ps (D1) 
1.43(D1)[a] 
3.10(Dn)[f] 

+2.35 
+4.02 

 

 
Super [O] SET:[20] 

alkylbenzenes, 
benzene, 

halobenzenes, 
 
 

dihalobenzenes, 
trihalobenzenes, 
trifluorotoluene 
acetophenone 

TCBPA 
[20],[b] 

374 435 2.2 2.99(S1)[g] +1.03 (−1.96) TCBPA●+ 
811, 
695, 
425 

- 8.6 ps (D1) 
1.52(D1)[a] 
3.16(Dn)[f] 

+2.55 
+4.19 

 

TdCBPA 
[20],[b],[c] 

395 - - - +1.34 - TdCBPA●+[20],[c] 
746 
639, 
404 

- - 
1.66(D1)[a 
3.10(Dn)[f] 

+3.00 
+4.41 

Pyrene 
[19g],[h] 

<350 395 450(T1) 
3.14(S1)[g] 

2.00(T1) [19h],[i] 
−2.10[19h],[j] - 

Pyrene●− 

[19h],[j] 

735, 
495, 
385 

- - 
1.69(D1)[a] 
3.22(Dn)[a] 

−3.79 
−5.32 

Super [R] SET: 
e−-poor bromo 

/chloroarene C(sp2)-X 
cleavage[17],[19h] 

DPA[19h],[j] <410 
590[19i] 

426[19i] 
8.7(S1)[19i] 

3.09(S1)[19i],[g] 
1.77(T1) [19h],[19i],[i] 

−1.94[19i) - DPA●−[19h],[j] 

800, 
680, 
610, 
495 

- - 
1.55(D1)[a] 
2.50(Dn)[a] 

−3.49 
−4.44  

PDI-a[19j] 
526, 
487 

573 
532 

3.9(S1) 
2.35(S1)[d] 
1.20(T1)[i] 

−0.43[19k],[k],[l] - PDI-b●−[19k],[l] 
955 
795, 
700 

- 
≈145 ps 

(D1) 
1.30(D1)[a] 

1.77(Dn)[a] 
−1.73 
−2.20 Super [R] SET: e−-poor 

bromo 
/chloroarene C(sp2)-X 

cleavage[19m] NDI-a 
[19l],[b] 

382 387 <20(S1)[19k] 3.23(S1)[g] −0.48[19l],[l],[m] - NDI-b●−[19k] 

755 
683, 
605, 
474 

- 
≈141 ps 

(D1) 
1.60(D1)[a] 

2.62(Dn)[a] 
−2.08 
−3.10 
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Pre-Catalysts Radical Ion/Radical Photocatalyst 
 

PRC max (abs) max(em) ns) E0-0 (eV) 
E1/2a (V) 

 
*E1/2a,b 

 
PRC max (abs) max(em)  E0-0 (eV) *E1/2 Application  

DCA[19n] 
415  
394 

<350 

435, 
460, 

 
14.9(S1) 

2.90(S1)[g] 
1.80(T1) 

[19o],[i] 
−0.91 (+1.99) DCA●−[19p] 

708, 
645, 
580 

- [n] -[n] 
1.75(D1)[a] 
2.13(Dn)[a] 

−2.66 
−3.04 

Super [R] SET: 
e−-neutral/rich 

bromo/chloro arene 
C(sp2)-X cleavage[18b,c] 

NpMI[19q] 
352 
330 

412 3.0(S1) 3.27(S1)[g] −1.32 - NpMI●−[19q] 

840, 
745, 
490, 
415 

535 

24 ps (D1) 
[19r],[o] 
22 ns 
(ES1) 

[p],[q] 

1.49(D1)[a] 
2.99(Dn)[a] 

2.45(Qn)[g],[q] 

−2.81 
−4.31 

- 

nBuO-
NpMI[19q] 

352 
330 

412 3.1(S1) 3.28(S1)[g] −1.40 - 
nBuO-

NpMI●−[19q] 

840, 
745, 
490, 
415 

548 

-[o] (D1) 
20 ns 
(ES1) 

[p],[q] 

1.49(D1)[a] 
2.99(Dn)[a] 

2.45(Qn)[g],[q] 

−2.89 
−4.39 

- 

Super [R] SET: 
chemoselective C(sp3)-
O cleavages; C(sp2)-X 

tolerant[19q] 

4-
DPAIPN 

[19s,t] 

470, 

380 
350 

525 [19u] - - −1.52[r]  (+1.12) 
4-DPAIPN●− 

[19s,t] 

470, 
380, 
345 

- - 
2.64(D1) 
3.06(D2) 

−4.16 
−4.58 

Super [R] SET: 
e−-neutral/rich 

chloroarene C(sp2)-X 
cleavages; C(sp2)-O 

and C(sp2)-+NR3 
cleavages[19s,t] 

Birch O-
PC[4g],[s] 

507, 
425, 
355 

595 - - −1.23 - 
Birch O-PC●− 

[4g],[t] 

715, 
655, 
580, 
414[c] 

580 

n.d. (D1) 
40.1 s 
(ES1) 

[p],[q] 

1.13(D1)[f] 
3.11(Dn)[f] 

2.36(ES1)[f],[q] 

−2.43 
−4.34 

- 

Super [R] SET: styrene, 
alkylbenzene Birch 

reductions; 
halostyrene 

dehalogenation[4g] 

N-Ph 
Mes-
Acr[4b] 

420, 
375 

520 6.0(T1) 2.75(S1)[g] −1.64 (+2.15) 
N-Ph Mes-Acr● 

[4b],[u] 

512, 
492, 
≈385 

- 
≈100 ps 
(ES1)[p] 

2.29(D1)[f] 
2.92(D4)[f] 

2.78(TICT)[f] 

−2.87 
−3.50 
−3.36 

Super [R] SET: 
e−-poor/neutral 
/rich haloarene 

dehalogenations; N-Ts 
cleavages[4b] 

Unless otherwise stated, spectral data were measured in ACN solvent and cyclic voltammetry in 0.1 M nBu4N.PF6 in ACN as solvent, see citations for exact conditions. [a] Especially where luminescence is not 
reported,[l] an estimation was made for E0-0 by taking the photon energy corresponding to λabs

max for both the lowest and highest energy transition and *E1/2 was calculated by the Rehm-Weller equation. [b] In DCM. 
[c] Spectral properties were determined from in situ electrogenerated species. [d] The red edge of the UV-Vis absorption band was taken for E0-0. [e] Spectral data were obtained under the preparative reaction 
conditions. [f] Taken from the calculated TD-DFT vertical transition that corresponded most closely to the excitation wavelength in the preparative reactions. [g] E0-0 was determined by the intersection of absorption 
(most red-shifted) and emission (most blue-shifted) spectral bands. [h] In cyclohexane. [i] E0-0 was determined by another or unspecified means, see the cited study. [j] In DMSO. [k] For PDI-b. [l] In DMF. [m] NDI-a 
and NDI-b have the same redox potential. [n] Controversy exists over the reported luminescence/lifetimes of DCA●− which likely derive from other species (10-cyanoanthrolate anion).[19p] [o] Transient absorption 
spectroscopy of a direct analog (2,4-disubstituted) of NpMI●− reportedly afforded rapid photobleaching of the sample in 0.1 M nBu4N.PF6 in DMF and the lifetime could not be determined,[19k] however, the lifetime 
of NpMI●− itself was successfully determined in a recent study in 0.1 M nBu4N.PF6 in DMAc.[19r] [q] This study[19q] did not assign the measured lifetime to a specific excited state and the excited state was thus 
denoted ‘ES1’. [q] A quartet state was tentatively proposed as a candidate for the long-lived species. Since this state was found to be catalytically inactive in the PET step due to no lifetime quenching in the 
presence of substrate, an excited state potential is not given. [r] In 0.1 M nBu4N.PF6 in DMF. [s] Spectral data measured in CHCl3 and cyclic voltammetry in 0.1 M nBu4N.PF6 in DMAc. [t] In THF. [u] In hexane. 
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Figure 2. Redox benchmarking of contemporary radical ion photocatalysts compared to photoredox catalysts and redox-challenging target substrates. Unless otherwise specified in Table 1, all 
catalyst redox potentials are excited state half-wave potentials *E1/2 taken from the literature.[2c,e] Unless the excited state redox potential is explicitly claimed in the associated citation, solid 
lines () represent either the upper-boundary excited doublet state redox potential (Dn) and assignments are guided by the redox scope of accessible substrates. Dotted lines (-->) represent 
upper or lower redox bounds for the excited doublet states (D1 or Dn). Substrate redox potentials taken from the literature are irreversible peak redox potentials Ep/2,[4c,18a-b,19q,21,22] or lie beyond 
the solvent redox window (>−3.0 V; >+3.0 V).[9] 
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Comparison of conPET and e-PRC: While conPET and e-PRC methods are analogous in their 

active catalyst excited state and their scope of SET reactions, their downstream chemistry is 

fundamentally distinct and complementary. The reactivity paradigms are compared in the context 

of super-reductions (Figure 3). In both cases, following SET from the photoexcited radical ion 

catalyst, C-X bond cleavage affords a radical intermediate. In conPET, this radical intermediate, 

typically an aryl C(sp2) radical, can undergo (i) hydrogen atom transfer (with solvent or with by-

products derived from sacrificial reductants in the radical ion catalyst generation step), (ii) 

addition to a heteroatom trapping agent or (iii) addition to an unsaturated partner (usually an 

electron-rich aromatic) in a C-C coupling reaction. In the case of (iii), the subsequent radical 

either reacts with a HAT agent (“Z●” → olefination) or is oxidized (by “Q●+”) and deprotonated, 

in both cases re-forming the unsaturation. The HAT agent (“Z●”) or oxidant (“Q●+”) is the by-

product from the sacrificial electron donor that was required to form the radical anion 

photocatalyst. For example, the α-amino radical or N-radical cation of a trialkylamine electron 

donor. 

 

Figure 3. Downstream chemistry reactivity paradigms of conPET vs e-PRC. RPC, Radical Polar Crossover. 

 

In e-PRC, different fates await the radical intermediate following initial SET and C-X bond 

cleavage, by virtue of the absence of sacrificial chemical reductant and their by-products. The 

radical can undergo the same radical trapping reactions as with conPET, but instead of HAT with 

solvent its electroreduction to a carbanion occurs in a radical polar crossover (RPC) fashion. The 
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resulting carbanion intermediate can undergo (i) protonation, (ii) elimination of an α-leaving 

group or (iii) electrophilic trapping. The radical intermediate following C-C coupling can undergo 

further reduction and subsequent protonation, or can engage in radical trapping depending on the 

applied potential. Thereby, e-PRC offers the unique advantage of a user-potentiocontrollable 

mechanism. While radical ion photocatalysts are a common theme in conPET and e-PRC 

chemistries, the focus of this review now turns to recent synthetic applications of the latter. 

Elegant, synthetic applications of conPET are reviewed elsewhere.[2e,4i-k,11b] 

C(sp2)-N bond formations: In the oxidative direction, e-PRC has witnessed impressive synthetic 

applications in C(sp2)-N bond formations. The Buchwald-Hartwig coupling is an important, 

widespread reaction for forging C(sp2)-N bonds, but relies on pre-functionalization of the C(sp2)-

containing arene (an aryl halide or pseudohalide) for oxidative addition of a Pd-catalyst. A 

powerful alternative is the direct C(sp2)-H activation of arenes by SET oxidation to their radical 

cations that undergo SNAr-type attack by N-containing nucleophiles. The Nicewicz group first 

demonstrated this concept using PRC with the Fukuzumi catalyst, an acridinium salt (Mes-Acr+) 

with a high excited state oxidation potential (*E1/2 = +1.88 V vs. SCE). Electron-rich arenes such 

as anisole underwent direct C(sp2)-N bond formations with azoles. 

Elegant work by the Lambert group exemplified the power of e-PRC to breach the upper redox 

limit of single photon PRC[18a] which has been reviewed elsewhere.[9] They disclosed a 

trisaminocyclopropenium cation (TAC+) as an electroactivated photoredox catalyst (e-PRCat) 

whose excited state could oxidize benzene, chlorobenzene and up to dichlorobenzenes as arene 

partners. Trifluorotoluene gave no product, defining the upper limit of the excited state’s 

oxidative power. While its scope of applications was broad, the exotic structural architecture of 

the catalyst does not seem amenable to modifications. Structural modification of a photoredox 

catalyst core to a family of derivatives with different photophysical and redox properties is a 

concept underpinning much of the success of field of PRC with transition metal or organic 

photocatalysts.[2c,e] In the context of e-PRC, the Barham group disclosed tri(p-

substituted)arylamines (TPAs) as a tunable class of e-PRCat for super-oxidations (Figure 4A).[20] 

The TPAs are easily accessed and customized in a single step by Suzuki or Ullmann coupling 

reactions. A ubiquitous structural motif in hole-transport functional materials (OLEDs, 

photovoltaics)[23] and as mediators in electrolysis,[24] the photophysical and redox properties of 

TPAs and their bench-stable (isolable) radical cations[25] have a rich history of characterization[26] 

that backdates even that of Ruthenium polypyridyl complexes.[27] In their e-PRC reactions, TPAs 

first undergo anodic oxidation to their corresponding strongly colored radical cations at a constant 

potential of +1.4 to 1.8 V (Figure 4B). Altering para-substituents on the TPA allows facile access 

to radical cation photocatalysts with different oxidative powers. Use of a moderate-power TPA 

(TpBPA) allowed C(sp2)-H amination of alkylbenzenes with high selectivity; aldehyde-bearing 

pyrazoles and arene benzylic positions were tolerated without oxidation. Introduction of a para-
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cyano group on the peripheral aromatic ring gave a higher-power TPA (TCBPA) which allowed 

C-H amination of benzene and chlorobenzene in good yields and tolerated free carboxylic acids 

known to undergo decarboxylation in PRC[28] and Kolbe oxidation pathways in SOE.[29] Using 

the most powerful TPA (TdCBPA), the oxidative SET C-H aminations of dichlorobenzenes, 

fluorobenzene and even acetophenone were achieved. SET activations of very electron-poor 

trifluorobenzene and trifluorotoluene were achieved, leading to SNAr-substitution reactivity 

(Figure 4C). The utility of triarylamines as a family of e-PRCats that could be tuned to target 

substrates was successfully demonstrated. A key mechanistic question comes to mind when 

discussing the photochemistry of excited radical ions (doublet states), given that these species are 

well known to exhibit ultrashort (<1 ns) lifetimes that prohibit their diffusion-controlled 

photochemistry. It had been tentatively hypothesized in previous studies involving conPET 

reduction that a precomplexation of the substrate and radical ion photocatalyst occurs to 

rationalize otherwise temporally-forbidden photochemistry.[4a,g]  

A key advantage of TPAs as electroactivated photocatalysts is that they can be easily oxidized 

and isolated as their bench-stable radical cations.[25c] This allowed the authors to measure lifetimes 

of TPA●+s as short as <10 ps by transient absorption spectroscopy, clearly ruling out diffusion-

controlled photochemistry. Precomplexation between TPA●+s and arene substrates was proposed 

as the key to overcoming ultrashort (ps) lifetime (Figure 4B). It was postulated that steric effects 

in the precomplex formation rationalized both (i) the reactivity trend of xylene and 

dichlorobenzene isomers; since preparative reaction yields increased in the order: 1,4- < 1,2-

disubstituted arenes, (ii) the lack of reactivity of iodobenzene. The increasing order of Ep
ox: 1,4- 

< 1,2-disubstituted arenes[18a] and the highly accessible redox potential of iodobenzene meant that 

such behavior was unexpected and contra-thermodynamic.  
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Figure 4. A) TPAs as a library of tunable super oxidative photocatalysts. B) Proposed precomplexation mechanism and 
TPA catalysts used in this study. C) Selected examples. 

 

The presence of precomplexes was identified spectroscopically via changes in the UV-Vis spectra 

and EPR spectra of isolated TPA●+s in the presence of arene substrates. The most striking 

comparison was when 1,2- or 1,4-dichlorobenzene substrates were added to TCBPA●+. The 

former ‘reactive’ substrate perturbed the EPR signal to a ‘triplet shape’, confirming spin density 

localization on the N atom in the precomplex. The latter ‘unreactive’ substrate perturbed the signal 

to a ‘broad singlet’, indicating another type of precomplex with spin density delocalization away 

from the N atom, that may stabilize the radical cation and decrease its excited state reactivity to 

SET. DFT calculations (ωB97X-D or B3LYP functionals) found optimized structures involving 
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T-π or π-π interactions. Relative binding energies revealed ‘reactive’ substrates favored T-π 

geometries and ‘unreactive’ substrates favored π-π geometries (Figure 5).  
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Figure 5. Candidate precomplexes of reactive (left) vs. unreactive (right) arenes. 

 

In chlorobenzene’s precomplex with TCBPA●+, the calculated spin density changed when the Cl 

atom faced ‘in’ but did not change when facing ‘out’, providing a clue about the preferred 

geometry of precomplexes involving unsymmetrical haloarenes (Figure 6).[30] Although TPA●+s 

absorb strongly in the visible region (ca. 600-900 nm) corresponding to their first (doubly 

degenerate) excited states (D0→D1), only shorter wavelengths (400 nm) gave reactivity, 

suggesting anti-Kasha photochemistry. 

 

 

Figure 6. Calculated spin densities of T-π precomplexes of TCBPA●+ with chlorobenzene where the halogen faces “in” 
(left) or “out” (right). 

 

The ability to access higher-order doublet photoexcited states of TPA●+s with 400 nm provides as 

high as *Ep
ox = +4.4 V vs. SCE as an upper boundary,[31] and would rationalize the oxidation of 

arenes so electron-poor, that they exceed the measurable solvent window of cyclic voltammetry. 

TD-DFT calculations, which agreed well with UV-Vis spectra of TPA●+s,[32] revealed the near-

IR transition (D0→D1) involved a π-π* transition localized at the core aromatic rings (Figure 7). 

In contrast, the transition closest to ~400 nm (D0→Dn) involved a π-π* transition at the peripheral 

aromatic rings. This is precisely the binding location of substrate arenes as found by geometry 

optimizations. Precomplexation may rationalize synthetically productive anti-Kasha 
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photochemistry by the localization of hole density at the binding site of the substrate, priming the 

precomplex for ultrafast SET (faster than internal conversion; Dn→D1). 

 

 

Figure 7. Orbital transitions for photoexcitation of TCBPA●+ corresponding to D0→ D1/Dn. [a]Predicted by DFT. 

 

While the simple computational model of precomplexes is consistent with experimental 

observations, deeper investigations with other DFT theory levels,[33] different (non-DFT)[34] 

theories and different precomplex candidates[35] are warranted for a more holistic picture. 

Nonetheless, this study evidenced how radical ion-substrate precomplexes not only circumvent 

ultrashort lifetimes of doublet excited states, but even circumvent internal conversion allowing a 

greater proportion of the photon energy to be harnessed. Moreover, the study indicated how 

radical ion-substrate precomplexes give rise to different selectivities than SET chemistry 

involving diffusion-controlled SOE or PRC. 

C(sp3)-N bond formations: In an impressive synthetic application of e-PRC, the Lambert group 

used TAC+ for vicinal diamination of alkylarenes (4, Figure 8A).[36] Depending on the electrolyte, 

alkylated arenes undergo vicinal diamination either to afford 3,4-dihydroimidazoles (5) or 

oxazoline derivatives (6 and 6’). In the anodic chamber of a divided cell, TAC+ is oxidized to its 

colored dication radical TAC●2+. Upon photoexcitation, the highly oxidative *TAC●2+ (*E1/2 = 

+3.33 V vs. SCE) engages alkylarenes like cumene 4a in SET (Figure 8B).  

Upon loss of a proton from 4a●+ and SET oxidation, benzylic carbenium ion 7 is generated and 

nucleophilic attack of the ACN solvent leads to Ritter-type amidation (Figure 8C). The resulting 

acetamide (8) undergoes acid-catalyzed elimination to α-methylstyrene (9). Subsequent e-PRC 

oxidation of 9 by *TAC●2+ affords radical cation 9●+ and acetonitrile solvent adds. Further 

oxidation and addition of a third equivalent of ACN were proposed to afford dihydroimidazole 5 

in a Ritter-type fashion.[37] Control reactions using α-methylstyrene (9) that led to polymerization 
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seemed to contradict this proposal. However, an equilibrium between 8 and 9 would generate 

small quantities of 9 in situ, mitigating against polymerization. LiClO4 electrolyte presumably 

alters stability of cationic intermediates and the addition of H2O to 9●+ or 10a affords 6 and 6’, 

respectively. 
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Figure 8. A) e-PRC vicinal diamination of alkylarenes. B) Catalytic cycle. C) Proposed downstream chemistry 
mechanism. 

 

When applied to secondary alkylbenzenes, halide substitution was well-tolerated, while alkyl 

para-substitution on the arenes leads to formation of Ritter-type benzylic by-products (5j, Figure 

9A). Cyclic systems were successfully functionalized, with preference for 4-phenylimidazoles 

over 5-phenylimidazoles. In primary alkylbenzenes, the regioselectivity was inverted. 
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Figure 9. A) e-PRC vicinal diamination substrate scope of dihydroimidazoles. B) Substrate scope of oxazolines from 
using LiClO4 electrolyte. C) Late-stage functionalizations of bioactive molecules. 

 

Most impressively, the simple change of electrolyte from Et4N.BF4 to LiClO4 diverted the 

mechanism to form oxazolidines in an overall oxyamination. The methodology was amenable to 

late-stage functionalizations of pharmaceutical compound analogues (Figure 9C). Either 

dihydroimidazole or subsequent 1,2-diamine scaffolds could be accessed by a simple 

modification of the work up procedure, while β-amino alcohols derived from oxazolidine 

hydrolysis, signaling a broad and industrially-relevant scope of future applications for this 

chemistry.  

In the context of C-H aminations, it is important to mention that DDQ as a neutral (closed-shell) 

photocatalyst[38] can achieve C(sp2)-H aminations of electron-deficient arenes up to 

dichlorobenzenes, either under PRC[39] with a co-oxidant or under recycling e-PRC (see later 

Section).[40] However, larger, sub-stoichiometric quantities (10-20 mol%) are typically required 

and the evolution of hydrogen cyanide upon contact of this catalyst with moisture presents safety 

concerns.[41] DDQ is a rather potent ground state oxidant that can react with N-nucleophiles,[39] 

while TAC+ and TPA catalysts do not suffer such issues.  
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C-O bond formations: The Lambert group demonstrated the acetoxyhydroxylation of aryl 

olefins by radical ion e-PRC using TAC+. Transition metal-catalyzed dioxygenation reactions of 

olefins are well-known, but the authors noted the need for transition metal-free approaches to 

obviate the expense and toxicity of certain metals. While electrochemical approaches using 

‘cation pool’ strategies are attractive,[42] in dioxygenations they oftentimes lead to the cleavage of 

dioxygenated products to carbonyl and acetal-derived by-products (Figure 10A).[43] Direct 

electrolysis employing DMSO and DMF as nucleophiles to attack electrogenerated olefin radical 

cations has successfully afforded dihydroxylated olefins.[44] Lambert’s group use of radical ion e-

PRC and acetic acid lead instead to acetoxyhydroxylation, and provides a mild platform to access 

products such as 12a in 71% yield. Direct electrolysis likely occurs to an extent under the 

relatively high potential of +2.0 V; control reactions without light or TAC+ did afford product 12a 

but in low yields. Direct electrolysis at +3.0 V increased the yield of 12a to 40% but led to over-

oxidation and cleavage to aldehyde, ketone and acetal by-products. In the mechanism, 11a is 

oxidized by *TAC●2+ to its radical cation, which undergoes nucleophilic attack by AcOH to afford 

benzylic radical 13b (Figure 10B). Oxidation of 13, either by anodic potential or by *TAC●2+, 

affords intramolecular cyclization to oxocarbenium 14, primed for attack by H2O to afford 12a. 

Cyclic olefins were acetoxyhydroxylated to give 12b-12i in good to excellent (52-82%) yields. A 

striking feature is the selectivity of this method compared to prior chemical and electrolytic 

reports. Benzylic methyls, alcohols and aldehydes were all tolerated (12j-12l). A free alkylsulfide, 

a Bpin ester, a product-bearing styrene and electron-rich heterocycles were all tolerated in the 

synthesis of 12m-12s (31-78% yields). Yields of furan and thiophene-containing 12q and 12r 

were low (31%), but primarily due to lack of conversion.   
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Figure 10. A) e-PRC acetoxyhydroxylation of aryl olefins. B) Proposed mechanism. C) Substrate scope of 
dihydroxylations, simple substrates. 

 

Selectivity was further exemplified in the late-stage acetoxyhydroxylations of various arylolefin-

conjugated amino acids and complex molecules (Figure 11A). Other acids were tolerated, 

affording 13a-13e in modest to good (38-55%) yields (Figure 11B). Interestingly, regioselectivity 

was inverted in these cases. Acrylic acid as a nucleophile underwent oligomerization in the 

synthesis of 13e, which may be rationalized by Kolbe-type oxidation of acrylic acid and radical 

addition[45] yet authors deemed this unlikely in absence of base. Finally, multigrams of products 

were achieved via a recirculated flow setup (Figure 11C). Electro-activation of TAC+ was done 

in a batch undivided cell and the reaction mixture was recirculated through three CFL-irradiated 
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coils with a total residence time of (RT =) 3 min, affording up to 8.4 g of 12a and 3.7 g of 12w 

without appreciable yield losses after 20-36 h. 

 

 

Figure 11. A) Late-stage acetoxyhydroxylation. B) Substrate scope acid partners, disubstituted olefins and terminal 
olefin tolerance. C) Recirculated flow recycling e-PRC acetoxy hydroxylation of the model substrate or a complex 
molecule. 

 

C(sp2)-X cleavages: On the reduction side, Lambert and Lin disclosed dicyanoanthracene (DCA) 

as an electroactivated photoreductant for super-reductions of aryl halides,[18b] which was 

previously reviewed.[9] Simultaneously, the Wickens group reported an N-arylmaleimide (NpMI) 

as a catalyst that achieves this purpose (Figure 12).[18c] Inspiration was drawn from seminal work 

of the König group on perylene diimide (PDI-b) photocatalysts, which are known to form stable 

radical anions (PDI-b●−) that can be photoexcited to reduce electron-withdrawn aryl halides in a 

consecutive photoelectron transfer (conPET) mechanism.[4a] e-PRC reactions with DCA and 

NpMI catalysts extended the scope of aryl halide partners to electron-neutral and electron-rich, 

and conditions provide substantial advantages for such challenging SET reductions over 

traditional Birch-type conditions which are practically undesirable (dissolving alkali metals in 

liquid ammonia).  
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Figure 12. A) e-PRC reduction of aryl chlorides and trapping of aryl radicals, substrate scope with triethyl phosphite. 
B) Substrate scope trapping with N-methylpyrrole. C) Catalytic cycle. 

 

In e-PRC, SET takes place in bulk solution where the electrogenerated catalyst is irradiated, not 

at the electrode surface due to the Beer-Lambert relationship. This leads to immediate 

deactivation of the photoexcited state, thus e-PRC exhibits a key benefit in harnessing the 

reactivity of aryl(sp2) radicals. Direct electrolytic reduction of aryl halides that takes place at the 

electrode surface suffers the issue that aryl(sp2) radicals are thermodynamically easier to reduce 

than their aryl halide precursors, leading inevitably to overall dehalogenation.[21a] Wickens and 

co-workers found that diimide (PDI and naphthalene diimide, NDI) catalyst architectures were 

ineffective catalysts for the reduction of electron-neutral aryl halides,[18c] likely due to the high 

stabilization of the radical anion prohibiting super-reductive chemistry in its photoexcited state. 

In their optimized e-PRC reaction conditions, the new catalyst N-(2,6-di-iso-

propylphenyl)naphthalene monoimide (NpMI) is first reduced to its colored radical anion by a 

cathodic constant current of 0.8 mA. Upon photoexcitation with blue LEDs, photoexcited radical 

anion *NpMI●− engages aryl chlorides as challenging as 4-chloroanisole (15a) in SET reduction 

to aryl radicals (Figure 12C). Aryl(sp2) radicals either underwent overall dehalogenation, or were 

trapped with triethylphosphite (Figure 12A) or N-methylpyrrole (Figure 12B) to afford products 

17 and 19. Notably higher preparative yields were obtained compared to direct electrolysis (which 

gave noticeable decomposition), demonstrating the key selectivity benefit of radical ion e-PRC. 
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When the debromination of 4-bromobiphenyl (Ep
red ≈ −2.43 V vs. SCE)[46] was used to optimize 

reaction conditions, a bis-N-(2,2‘,6,6‘-di-iso-propyl)naphthalene diimide (NDI-d) precatalyst 

afforded dehalogenated product 21a in a lower yield than NpMI (Figure 13A). Bardagi recently 

reported conPET and e-PRC reductions of 4-bromobenzonitrile (Ep
red = −1.95 V vs. SCE) using 

a modified naphthalene diimide precatalyst (NDI-c).[19m] The aryl(sp2) radical was trapped by an 

excess of benzene and afforded desired products (such as 21b) albeit in low yields (<20%) (Figure 

13B). Though attention is needed to increase conversion and yields, this represents a potential 

alternative, milder set of conditions than transition metal-free arylations of haloarenes requiring 

KOtBu and organic additives. Such chemistry requires high temperatures to form electron donors 

in situ that initiate a base-assisted homolytic aromatic substitution (BHAS) chain reaction.[47] 

 

 

Figure 13. A) e-PRC dehalogenation of 4-bromobenzonitrile using a naphthalene diimide precatalyst. B) e-PRC 
reduction of 4-bromo-1,1'-biphenyl using a naphthalene diimide precatalyst and trapping with benzene. 

 

C(sp3)-O cleavages: Inspired by previous photocatalytic generations of carbanions[48] and direct 

electrolytic reductions of phosphinates in overall deoxygenations,[49] Barham, König and co-

workers reported the first e-PRC reductive cleavage of C(sp3)- O bonds to access sp3-radicals and 

sp3-centered carbanions.[19q] Phosphinates of aliphatic alcohols successfully underwent e-PRC 

reduction and C-O cleavage when N-(para-butoxyphenyl)naphthalene monoimide (nBuO-NpMI) 

was employed (Figure 14A). Following cathodic reduction to its radical anion and 

photoexcitation, *[nBuO-NpMI●−] engages phosphinates (Ep
red ≈ −2.4 to −2.6 V vs. SCE) in SET. 

Then, C(sp3)-O bond cleavage of 22●− forms a C(sp3) carbon radical, proposed to undergo further 

SET reduction likely by cathodic current (or by *[nBuO-NpMI●−]) to afford a C(sp3) carbanion. 

In the presence of an α-leaving group (chloride, bromide), elimination occurs in an overall 

reductive olefination (Figure 14B). Since phosphinate substrates derive from α-chloroketones and 

not aldehydes, the method has a different starting point to classic (Wittig-type) olefinations that 

can be leveraged to access cyclic and hindered olefins (Figure 14C). Compared to acid-catalyzed 

of base-dependent eliminations of alcohols, the method proceeds at ambient temperature, tolerates 
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base-sensitive functionality and allows user control over the direction of olefination. For example, 

a substrate containing free amide protons (23i) was tolerated, as were esters (23p-r) that risk 

hydrolysis or E2 elimination under basic conditions. Formation of terminal olefin 23c 

demonstrates the benefit over acid-catalyzed elimination of a 3o alcohol, which typically affords 

the most substituted olefin. In the absence of an α-leaving group, overall deoxygenation occurred 

as a mild and tin-free alternative to the Barton-McCombie reaction (Figure 14B). The presence 

of a carbanion intermediate was confirmed when a phosphinate with an α-chloro atom led to 

cyclopropanation. Stilbene 23l could be accessed from the standard phosphinate, but also from a 

cyclic phosphinate derived from a diol in a photoelectrochemical Corey-Winter-type olefination 

reaction that avoids high temperatures and hazardous reagents normally associated with this 

reaction. Unsymmetrical stilbenes could also be readily accessed by this method, surprisingly 

with generally high Z-selectivities when nBuO-NpMI was employed (Figure 14D). Olefinations 

and deoxygenations of phosphinates derived from benzylic or allylic alcohols were successful, 

while those derived from non-benzylic/allylic aliphatic alcohols did not react despite almost 

identical redox potentials. Remarkably, and in stark contrast to the previous report of Wickens,[18c] 

aryl halides (chlorides and bromides) were tolerated under these conditions, despite their similar 

redox potentials to phosphinates (Ep
red (PhCl) −2.78 V; Ep

red (PhBr) = −2.44 vs. SCE). A phenol-

derived phosphinate was also tolerated, contrasting with previous reports on C(sp2)-O cleavage 

by PRC with a phenothiazine catalyst.[50] 4-Vinyl benzoates of terpene natural products that are 

liquid crystals or fragrance compounds could be prepared by late-stage e-PRC olefination from 

the phosphinates derived from the 4-acetylbenzoate esters of the terpenes, giving rise to potential 

monomers for polymerization (Figure 14E). Here, terminal olefination using base risks hydrolysis 

or E2 elimination, while direct esterification is problematic due to thermal instability of 4-

vinylbenzoic acid or its formulation with radical stabilizer (BHT). To probe the mechanism 

behind stilbene E-/Z-isomerism, control reactions with E-stilbene as an input revealed the critical 

importance of e-PRCat, light and potential on the E-/Z- isomerism. Luminescence spectroscopy 

revealed a nanosecond-lived emitting state from [nBuO-NpMI●−]*, that was catalytically inactive 

in the initial SET reduction step (its lifetime was not quenched by 22a), but is likely responsible 

for E-/Z- isomerism. One candidate for this emitter is a quartet state, 4[nBuO-NpMI●−]* that results 

from intersystem crossing from a higher energy doublet state. The energy of this emitting state 

(E0-0) was identical to transition metal photocatalyst triplet energies known to affect E-/Z- 

photoisomerism of olefins by triplet-triplet energy transfer,[51] and was within range of the triplet 

energies of stilbenes.  
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Figure 14. A) e-PRC reduction of phosphinates of aliphatic alcohols with nBuO-NpMI. B) Catalytic cycle including 
proposed precomplexation. C) Selected olefination examples. D) Tandem photoelectrochemical olefination E-/Z-
isomerism, E) Application to functional polymer monomer synthesis. [a]Unless otherwise stated, phosphinate substrates 
with X = Cl; [b]from phosphinate with X = Br. n.d., not detected.   
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The authors sought to determine why nBuO-NpMI was an effective catalyst for all 

(benzylic/allylic) substrates attempted, while NpMI was ineffective for most substrates, despite 

the identical ground state reduction potentials (E1/2 = −1.3 V vs. SCE) and UV-Vis properties of 

both e-PRCats, as their neutral or radical anion forms. By a combination of CV, EPR and 

computational investigations examining C(sp3)-O bond dissociation free energies (BDFEs), the 

authors found that the C(sp3)-O bond cleavage was likely the reactivity-determining step, since 

the initial SET step was successful for both e-PRCats. Mirroring their study on TPA●+s,[20] 

irradiation of the near-IR UV-Vis bands of the catalyst gave no conversion, suggesting anti-Kasha 

photochemistry from a higher order excited doublet state. Given i) the known ultrashort lifetimes 

of similar excited state radical anions (*PDI●−, *NDI●−, Table 1) that prohibit their diffusion-

controlled photochemistry, ii) the fact that catalyst architecture was able to influence a C-O bond 

cleavage step and iii) the involvement of higher order excited doublet states, the authors proposed 

a preassembly of phosphinate substrates with nBuO-NpMI●−. However, in contrast to the authors’ 

earlier study on TPA●+s,[20] no spectroscopic (UV-Vis/EPR) changes were detected when 

electrogenerated nBuO-NpMI●− was mixed with phosphinate 22a. The authors rationalized that 

precomplexation may occur at the N-aryl moiety, which is not spectroscopically detectable since 

the spin density and chromophore of the radical anion are localized on the naphthalene moiety, 

orthogonal and electronically disconnected from the N-aryl moiety. In support of this proposal, a 

strong correlation was found between decreasing steric hindrance at the N-aryl moiety ortho-

positions of the e-PRCats and increasing reactivity of 22a as a model substrate (Figure 15). 

Variations in the naphthalene moiety’s electronics (e-PRCats 25a-b) did not improve the activity 

compared to NpMI. An additional two alkoxy substituents at the meta-positions (25c) decreased 

activity relative to nBuO-NpMI. DFT calculations (ωB97X-D) found several candidate 

preassemblies between 22a and both NpMI●− and nBuO-NpMI●−. 

 

 

Figure 15. Relationship between catalyst structure and e-PRC activity. n.d., not detected.   
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In all cases, converged structures resembled a ‘pincer’ where two aromatic groups of 22a 

interacted with the N-aniline moiety by a T-π and a π-π interaction (Figure 16). No matter the 

converged candidate structure, binding free energies (ΔGbind) were always more favorable for 
nBuO-NpMI●− than NpMI●−. Finally, excited state calculations (DFT-MCRI), in good agreement 

with experimental UV-Vis of nBuO-NpMI●−, revealed that the transition at ~430 nm (D0→Dn) 

involved a charge transfer from the naphthalene moiety to the N-aniline moiety (Figure 17). 

Localization of electron density at the N-aniline in this excited state (Dn) is thus exactly where 

required for rapid intra-assembly SET. A more intimate precomplexation of 22a and nBuO-

NpMI●− likely promotes C(sp3)-O cleavage. 

 

 

Figure 16. Example converged preassemblies for 22a with NpMI●− (left) or nBuO-NpMI●− (right). Two candidates are 
shown, for others see Ref. 19q. 

 

 

Figure 17. Orbital transitions for photoexcitation of nBuO-NpMI●− corresponding to D0→ D1/Dn. [a]Predicted by DFT. 

 

C(sp2)-O and C(sp3)-+NR3 cleavages: Wickens and co-workers recently extended their aryl 

halide reduction methodology to the reduction of aryl pseudohalides.[19t] Phosphonated phenols 

and anilinium salts could be reduced by e-PRC in an overall hydrodefunctionalization reaction as 

the main theme of the study (Figure 18A). Alternatively, the aryl radical could again be 

intercepted by triethylphosphite, N-methylpyrrole or B2pin2 (Figure 18B), inspired by the author’s 

previous work[18c] and that by the groups of Larionov[50] and König[52] who demonstrated reductive 
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cleavages of strong bonds and borylation of aryl radicals via photocatalysis involving proton-

coupled electron transfer[50] or an EDA complex.[52] Reactions were conducted in divided H-cells 

but (i) constant potential was employed, (ii) a higher loading (10 mol%) of e-PRCat was used and 

(iii) 2 equiv. of NEt3 was present in the cathodic chamber as terminal reductant. As an example 

synthetic application, a phenol was used to direct the Friedel-Crafts reaction of 30 with 31 

followed by e-PRC hydrodefunctionalization to 28e and global O-demethylation to afford 

tricyclic resorcinol cannabinoid agonist 32 in 14% yield over 3 steps. This application followed 

the work of Makriyannis and co-workers[53] but substituted dissolving Li metal reduction with e-

PRC. Although isophthalonitrile structures are widely employed in PRC, this report,[19t] together 

with a concurrently reported conPET variant,[19s] constitute the first reports of isophthalonitrile 

radical anions in reductive catalytic transformations.  

 

 

Figure 18. e-PRC reduction of phosphonated phenols and anilinium salts. A) Substrate scope of 
hydrodefunctionalization. B) Substrate scope of aryl radical trapping. C) Application in alkali metal-free synthesis of 
a cannabinoid agonist. 
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4-DPAIPN structurally resembles cyano-substituted triarylamines used in oxidative e-PRC;[20] it 

is interesting to find the acyclic triarylamine architectural family can be used in both reductive 

and oxidative e-PRC reactions. Current-based analysis of the reaction rate over time evidenced 

the enhanced stability of 4-DPAIPN compared to previously reported catalyst (NpMI). NpMI 

decomposed over time under the reaction conditions decreasing conversion rate. As the reaction 

progressed the rate increased again, meaning a decomposed form of the catalyst is also 

catalytically (albeit less) active. This concurs with Nocera and co-workers’ recent report[19r] which 

analyzed the electrodecomposition product of NpMI (irreversible CV wave at −2.3 V). 

Electrolysis at Ucell = −3.0 V provided a species absorbing at (λmax=480-500) nm and luminescing 

at (λmax=)560-580 nm, which matched the spectra of a species formed when NpMI was chemically 

treated with NaBH4 (in DME) or TBAF (in DMAc). XRD of the species chemically formed with 

NaBH4 revealed a hydride adduct 33 (Scheme 2). Irradiating 33 with 440 nm in the presence of 

stoichiometric 4-methylchlorobenzoate (15f) and excesses of P(OEt)3 of N-methylpyrrole led to 

detection of 17f and 19f by 1H NMR, confirming 33‘s ability to serve as a photoreductant. Nocera 

questioned the previously proposed involvement of radical anion photocatalysts,[18c] claiming that 

NpMI●− is too short-lived (τ = 24 ps) to permit diffusion-controlled photochemistry yet the 

electrodecomposed emitting species assigned as 33 is sufficiently long-lived to do so (τ = 20 ns). 

However, photoreductive activity of NpMI●− is not ruled out since Wickens’ kinetic analysis 

clearly evidenced the presence of multiple (at least two) active catalysts during e-PRC 

reactions.[19t] Although 33’s lifetime was effectively quenched by activated aryl chloride 15f, PhCl 

was ineffective (radical trapping of PhCl was not reported). Adduct 33 or related species may be 

a candidate for the emitting state (ES1) in Barham, König and co-workers’ study,[19q] but 

comparisons are still questionable due to (i) UV-Vis absorptions (λmax) of NpMI●− agreeing within 

±10 nm despite different solvents of DMAc[19r] vs. ACN in both studies,[19q] yet ES1 differing in 

peak shape and λmax (by ca. 40 nm);[19q] (ii) notably lower cell potentials for electrolysis 

 

 

Scheme 2. Chemical reduction of NpMI affords a hydride adduct which serves as a stoichiometric photoreductant in 
the coupling of an activated aryl chloride. 
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(Ucell = −1.6 V) used both in spectroscopy and reactions where Ucell = −3.0 V led to intractable 

complex mixtures.[19q] The proposal of diffusion-controlled SET photochemistry of adducts like 

33,[19r] while intriguing, cannot rationalize (i) clear structure/activity relationships at the N-aniline 

of NpMI-type catalysts,[19q] (ii) reduction of non-activated aryl chlorides like PhCl/4-

chloroanisole (15a),[18c] (iii) clear quenching of PRCat●−s UV-Vis/EPR signals upon irradiation 

in the presence of substrates[4a,19q,19s] and (iv) absence of quenching of longer(ns or μs)-lived 

emitting species derived from radical anion PRCat●−s in other reports.[4g,19q] Closed shell anionic 

species may be reservoirs/precursors to radical anion photocatalysts as proposed by Miyake and 

co-workers.[4g] 

Future perspectives: Radical ion e-PRC is a rapidly-expanding field that offers (i) new 

opportunities in synthetic transformations, including complex molecule functionalizations, (ii) 

access to ultra-high-energy redox processes under exceedingly mild conditions to cleave or form 

strong bonds, and (iii) new opportunities for selectivity that differ from conventional parameters 

in SOE and PRC (redox potentials). While radical ion catalysts and their excited state behaviors 

are likely interchangeable concepts between conPET and e-PRC manifolds, downstream 

chemistry of a target substrate following its initial SET differs. Here, e-PRC offers an attractive 

and unique benefit of user-potentiocontrollable radical polar crossover. With the key importance 

of preassembly in radical ion photocatalysis establishing, a particularly exciting prospect is 

leveraging factors in preassembly formation to guide (i) SET chemoselectivity and/or (ii) 

following bond cleavages/formations; similar to the ‘lock and key’ concept of enzyme catalysis. 

Indeed, non-covalent interactions (dispersion, π-π stacking) historically viewed as ‘weak 

interactions’ are receiving increasing attention in catalysis.[54] 

Another emerging theme is access to excited states higher than the first excited state in anti-Kasha 

photochemistry.[4,19q,20] This phenomenon in itself corroborates substrate/photocatalyst 

preassembly, to rationalize SET taking place more rapidly than internal conversion of the higher 

order excited state (Dn→D1). Thereby, anti-Kasha radical ion photochemistry harnesses the full 

visible photon redox energy, whereas in conventional PRC much is lost to internal conversion. 

Consequentially, the redox window of transformations is dramatically expanded - substrates 

beyond typical solvent windows (ACN/DMF) are engaged. The ultrafast timescale within which 

SET must occur shields the bulk reaction mixture from extreme redox potentials generated in situ; 

a clear benefit compared to high cell potentials constantly applied across reaction mixtures in 

direct electrolysis. 

In theory, preassembly and anti-Kasha photochemistry should raise photochemical reaction 

(quantum) efficiency. In practice, long reaction times often plague radical ion e-PRC reactions. 

A greater understanding of factors involved in the preassembly is essential for the field to achieve 

higher quantum efficiencies. While it is straightforward to assign quantum yields and lifetimes to 
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closed-shell excited states, interrogation of open-shell doubled excited states is a challenging 

endeavor demanding more sophisticated spectroscopic and theoretical techniques. This said, 

solvated electrons[4g] and decomposition of radical ion PRCats to closedshell PRCats as in 

*DCAC●− and *NpMIC●−[19p,r] must be probed as alternative mechanisms as the field continues to 

evolve. Finally, limited reports of scalability in radical ion e-PRC are likely due to practitioners 

requiring 1) divided cell configurations to spatially mitigate nonproductive half-reactions and 2) 

constant potential desirable for selective e-PRCat activation 
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 Photocatalyst Electro-recycling 

The second subcategory of e-PRC, dubbed “recycling ePRC”, involves the turnover of a 

photocatalyst that is a known photoredox catalyst (PRCat) in PRC, and that is a colored species 

in its ground, neutral state. Figure 19 depicts the structures of PRCats used in recycling e-PRC; 

their photophysical properties are thoroughly detailed elsewhere. [2c,e, 38,55]  
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Figure 19. PRCats reported in recycling e-PRC. Red shading is indicative of oxidizing power. Selected photophysical 
and redox potential data are shown. 

 

In recycling e-PRC, the available “redox window” is no wider than it is for PEC. Instead, the key 

benefit is the replacement of sacrificial oxidants or reductants in the photocatalyst turnover with 

electrochemistry (Figure 20), which can (or whose by-products can) interfere with downstream 

chemistry and/or complicate separation of desired products.[9,56,57] This is not to say that sacrificial 

oxidants or reductants are completely avoided; they can be required by the counter-electrode’s 

reaction. However, here protons or water typically serve as much milder, atom economical 

sacrificial oxidants or reductants (respectively). Moreover, a divided cell configuration provides 

the opportunity to spacially separate sacrificial redox agents from the desired catalytic reaction in 

the product-forming chamber. In a seminal report that was previously reviewed elsewhere,[9,10] 

Xu and co-workers reported recycling e-PRC using Fukuzumi’s catalyst Mes-Acr+ for a Minisci-

type coupling of alkyltrifluoroborates with heteroarenes in an undivided cell.[56] Inspired by this 

report, different applications of recycling e-PRC have emerged in recent years.[40,57] Recycling e-
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PRC benefits from the use of well-characterized and long-lived (nanosecond to millisecond) 

closed-shell excited states. As opposed to radical ion e-PRC where divided cells are generally 

employed, recycling e-PRC typically uses undivided cells or modular batch/recirculated flow 

setups. In fact, most reports on recycling e-PRC easily achieve gram to multigram-scale reactions 

- indicating the practical accessibility and robustness of this synthetic photoelectrochemical 

technology. 

 

 

Figure 20. Concept of photocatayst electrorecycling (recycling e-PRC). 

 

C(sp2)-H trifluoromethylation: In an elegant example of photocatalyst electro-recycling, 

Ackermann and coworkers reported the PEC C(sp2)-H trifluoromethylation of arenes and 

heteroarenes under anodic current and with Langlois’ reagent (34); CF3SO2Na (Figure 21).[57a] 

Upon visible light photoexcitation of the Fukuzumi-type organic dye, Mes-Acr+ (catalyst a) the 

authors proposed that the excited state *Mes-Acr+ engages in SET with the CF3SO2 anion to 

furnish the reduced acridinyl radical of the catalyst and form the CF3SO2 radical 34’. Loss of SO2 

generates the active trifluoromethyl radical 36, which attacks arene substrate 1a to form arene 

radical 37. SET oxidation of 37, either by Mes-Acr+ or by the anode, forms cation 37+ which loses 

a proton to form the trifluoromethylated product 35a. The protons generated could undergo 

cathodic reduction to form H2 to complete the circuit. Meanwhile, ground state Mes-Acr+ 

photocatalyst is then regenerated by anodic oxidation of its acridinyl radical form at the C(felt) 

anode under constant current conditions (4.0 mA). LiClO4 was selected as an electrolyte which 

eases the separation of products, while another set of conditions was developed using Ru(bpy)3
2+ 

(catalyst b). This method enabled the C(sp2)-H trifluoromethylation of a range of arenes including 

electron-rich and electron-poor arenes and various heteroarenes (affording products such as 35b-

35e, Figure 21D). As a pioneering example of the transfer of PEC to a continuous flow setup, an 

electrochemical flow coil consisting of a C(felt) and a nickel cathode and a photochemical 

fluoropolymer flow coil was used in sequence (Figure 21B). Recirculation of the reaction mixture 

over 12 h afforded 35a in 76% using catalyst a (conditions employing catalyst b were inferior). 

Speaking to the facile integration of continuous flow with process analytical technologies 

(PATs),[58] the authors used an in-line NMR spectrometer to monitor the reaction and observed 
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Wheland-type arenium cation 37+ as a long-lived intermediate via 19F and 1H NMR. This 

demonstrated a key opportunity for continuous flow in the investigation of SET reaction 

mechanisms by its ability to provide a steady state concentration of reactive species. 

 

 

Figure 21. (a) C(sp2)-H trifluoromethylation using CF3SO2Na, graphite felt (Cfelt) anode (Pt cathode) and a 
photocatalyst. (b) C-H trifluoromethylation in a flow setup with flow rate 1.0 mL min-1 (RT ‘per pass’ = 6 min). (c) 
Proposed mechanism. (d) Selected substrate scope. 

 

C(sp2)-C(sp3) coupling: Building upon their previous work in photoelectrochemical C(sp2)-

C(sp3) Minisci-type coupling of heteroarenes 30 with alkyl trifluoroborates,[56] and as the first 

synergy of PEC with Cerium photocatalysis,[59] Xu and coworkers reported direct decarboxylative 

C-H alkylation of heteroarenes 38 using RVC anode and CeCl3.7H2O as a photocatalyst precursor 

(Figure 22).[57b] Initial anodic oxidation of CeIII to CeIV occurs (Figure 22B), followed by co-

ordination of CeIV by the carboxylic acid 39 to form complex 39’. Photoinduced ligand-to-metal 

charge transfer (LMCT) regenerates CeIII and simultaneously forms carboxyl radical 41, which 

decarboxylates to afford alkyl radical 42. Given the protic reaction conditions, the authors 

proposed the addition of alkyl radical 42 to protonated substrate 38-H to give transient radical 
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cation 43, which then loses a proton to form 44. A highly exothermic oxidation of 44 by CeIV then 

affords product 40a-H. The substrate scope demonstrated that various examples of carboxylic 

acids (primary, secondary, tertiary and α-alkoxy and aliphatic) could be tolerated, and the power 

of the method was demonstrated by the late-stage functionalizations of various N-heteroarenes 

including bioactive molecules such as 40f (fasudil), a Rho-associate protein kinase inhibitor 

(Figure 22C).[60] 

 

 

Figure 22. A) Decarboxylative C-H alkylation of heteroarenes using RVC anode (Pt cathode) and CeCl3·7H2O. B) 
Proposed mechanism. C) Selected scope. 

 

In the same report, Xu and coworkers further exploited decarboxylative radical formation in the 

PEC carbamoylation of heteroarenes using an RVC anode and a 4CzIPN photocatalyst (Figure 

23).[57b] Upon photoexcitation of 4CzIPN with blue LEDs, SET oxidation of oxamate substrate 

45’ by 34CzIPN* forms 4CzIPN●− and, upon decarboxylation, carbamoyl radical 47 which adds 

to protonated substrate 38-H resulting in radical cation 48 (Figure 23B). Reduction of 48, either 

by the Pt cathode or by 4CzIPN●−, affords intermediate 49. Anodic oxidation of 49 with loss of 

H2 was proposed to result in aromatization to protonated product 36-H. Alternatively, the authors 

proposed deprotonation of 48 would afford radical 50 which could be oxidized by ground state 

4CzIPN or by the anode. The substrate scope featured various examples of oxamic acids (bearing 

primary, secondary and tertiary N-substituents) and various electron-deficient N-heteroarenes 

(affording products such as 46a-d), including the late-stage functionalization of antihistamine 

Loratadine[61] to afford 46e (Figure 23C). Finally, Xu and coworkers extended their method to 

alkyl oxalates as precursors to alkyl radicals in the absence of a transition metal catalyst (Figure 
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24).[57c] Photoexcited 4CzIPN oxidizes alkyl oxalate 51 to generate alkyl radical 42 via double 

decarboxylation. The authors proposed similar downstream chemistry (Figure 24B) to that in the 

case of the carbamoyl radical (Figure 22) to afford 40a-h. Although the reaction was amenable to 

various examples of secondary and tertiary oxalates (Figure 24C), primary oxalates were 

ineffective as alkyl radical precursors. 

 

 

Figure 23. A) Decarboxylative C-H carbamoylation of heteroarenes using RVC anode (Pt cathode) and 4CzIPN as 
photocatalyst. B) Proposed mechanism. C) Selected scope. 

 



  CHAPTER 1 

36 
 

 

Figure 24. A) C–H alkylation of heteroarenes with alkyl oxalates using RVC anode (Pt cathode) and 4CzIPN as 
photocatalyst. B) Proposed mechanism. C) Selected scope. 

 

C(sp2)-O/N bond formations: So far, examples covered have focused on C(sp2)-C bond 

formations. However, C(sp2)-O and C(sp2)-N bond formations can also be achieved under 

recycling e-PRC. DDQ as a neutral photocatalyst is a powerful oxidant in its long-lived triplet 

excited state (+3.18 V vs. SCE).[38] Despite its absorbance maxima at ~400 nm, DDQ is 

successfully photoexcited with longer wavelength blue (455 nm) light. Prior to any contemporary 

reports of recycling e-PRC, König’s group achieved the photocatalytic oxidation of electron-

deficient arenes by 3DDQ* in the presence of tert-butyl nitrite and molecular oxygen,[39] which 

was reviewed previously.[9] Inspired by this work, and by their earlier work on recycling e-PRC 

for the SNAr-type arene azolations[62] (reviewed previously),[9] the Lambert group recently 

reported arene acetoxylation using DDQ as photocatalyst under recycling e-PRC (Figure 25).[40a] 

Benzene (1c) was hydroxylated to phenol (54a) in the optimization study. Control reactions 

confirmed the necessity of light, catalyst and potential in the reaction (Figure 25A). Direct 

electrolysis at a potential of Ecell = +3.2 V gave no product after 48 h (presumably, decomposition 

occurred, as previously reported in the radical ion e-PRC azolation of benzene)[18a], confirming 

the superiority of photoelectrochemistry in this reaction. In the mechanism, SET oxidation of 

arene 1 by 3DDQ* was proposed (Figure 25B), followed by nucleophilic addition of heteroatom 

partner 53 to radical cation 1●+. DDQ●− formed after SET is protonated and engages 55 in HAT 

to afford product 54. A range of electron-deficient arenes were hydroxylated and acetoxylated to 

afford products 54a-f in modest to very good (30-76%) yields (Figure 25C). Remarkable 

selectivities were observed; aliphatic alcohols, terminal alkynes and benzylic positions were all 

tolerated, where these positions would not likely tolerate direct electrolysis. Aminations were also 

possible with free amides, carbamates and ureas, affording products 56a-d in satisfactory to high 

(49-80%) yields, although the scope of amination partner was relatively narrow in each of these 
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classes. In an intriguing competition experiment (Figure 26A), benzene (1c) was selectively 

hydroxylated while anisole (1b) and trifluorotoluene (1c) were untouched by the recycling e-PRC 

conditions. This highlights the importance of matching excited state PRCat redox potentials to 

the substrate. Trifluorotoluene is beyond the scope of 3DDQ* (and *TAC●2+, >3.3 V vs. SCE, but 

could be engaged by potent *TdCBPA●+, up to +4.4 V vs. SCE). On the other hand, anisole is 

easily accessible and likely oxidized by 3DDQ*. It is plausible that back electron transfer (BET) 

is rapid enough to prohibit downstream chemistry of 1b●+.[63] 

 

 

Figure 25. A) C(sp2)–H acetoxylation of arenes a using RVC anode (Pt cathode) and DDQ as photocatalyst. B) 
Proposed mechanism. C) Selected substrate scope. [a]Boc-Ala-OH substituted for the AcOH additive. [b]3-15 eq. of 
amide/carbamate nucleophile was used. 

 

In general, this recycling e-PRC gave superior to the preceding PRC-only report[39] where cheap 

constant potential obviated the need for sacrificial oxidants molecular oxygen and expensive tert-

butyl nitrite; both hazardous reactants that require considerable safety considerations for scaling 
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up.[64] In this respect, the Lambert group successfully scaled the benzene to phenol hydroxylation 

reaction in a recirculated continuous flow setup (Figure 26B). Electro-regeneration of DDQ was 

achieved in a batch undivided cell, while the reaction mixture was recirculated through a blue 

LED-irradiated coil with a residence time of (RT =) 3 min ‘per pass’. By extending reaction time 

and adding additional photocoils, the reaction was successfully scaled from 0.4 to 15 mmol 

without appreciable loss in yield of 54a. Thereby, recycling e-PRC benefitted safety and cost-

efficiency. 

 

 

Figure 26. A) Competition experiments between arenes with different electronics in recycling e-PRC hydroxylation. B) 
Recirculated flow recycling e-PRC hydroxylation of benzene. 

 

Xu and co-workers also reported arene heteroamination using DDQ under recycling e-PRC 

conditions (Figure 27A).[40b] Compared to the Lambert group’s report, although conditions 

employed a loading of DDQ (20 mol%), the loadings of electrolyte (only 0.1 eq.) and amination 

partner (only 2 eq.) were markedly lower, possibly due to the use of constant current (2 mA) to 

drive the reaction. The focus was on aminations; hydroxylation and acetoxylation was not 

investigated. The mechanism proposed was as aforementioned (Figure 27B). A much broader 

scope of amination partners was explored, including azolations, affording products in modest to 

high (36-70%) yields (Figure 27C). Like Lambert’s report,[40a] anisole was unreactive. 3DDQ* 

was not able to engage methyl benzoate - the upper limit was dihalobenzenes. Although these 

conditions[40b] were unable to engage very electron-deficient arenes (radical ion e-PRC with TPAs 

were able to engage up to acetophenone),[20] the yields of azolated dihaloarenes were higher than 

radical ion e-PRC reports[18a,20] and, notably, arene 1 was the limiting reagent as opposed to a 

requirement of excesses of arene in radical ion e-PRC (typically 1 mL)[18a,20] and conPET 

(typically 8 mL)[4] previous reports. Excesses of arene required in radical cation e-PRC are likely 

due to the requirement of precomplexation between ground state radical cation and arene for 

successful photochemistry, whereas 3DDQ* is long-lived enough to engage in outer-sphere 
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diffusion-controlled photochemistry. By increasing the electrode surface area and applying a 

higher constant current (52 mA), Xu and co-workers scaled the reaction up to gram quantities of 

56i deriving from the amination of benzene (Figure 27D) without any flow setup. To shed light 

on the selectivity of nucleophilic addition, Xu and co-workers performed DFT calculations on the 

radical cations of haloarenes. Calculated LUMOs showed, in all cases, positions para- to the 

halogens had the larger orbital coefficients than other positions, rationalizing for the first time 

regioselectivity for the nucleophilic addition in these radical cation SNAr reactions of electron-

deficient arenes. 

 

 

Figure 27. A) C(sp2)–H amination of arenes with carbamates using RVC anode (Pt cathode) and DDQ as photocatalyst. 
B) Proposed mechanism. C) Selected substrate scope. D) Gram-scale batch reaction. 
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Scalable acridinium salt library synthesis: Finally, recycling e-PRC was used by Xu’s group 

to synthesize a library of 3/6-substituted acridinium PRCats from an acridinium core 60 using 

trifluoroborate salts (Figure 28A).[57d,e] Reactions were conducted iteratively to either afford 

mono-substituted PRCats 61 in very good to excellent (74-97%) yields over one step (Figure 

28B), or disubstituted PRCats 62/63 in modest to very good (31-83%) yields over two steps 

(Figure 28C).  

 

Figure 28. A) Iterative synthesis of 3,6-disubstituted acridinium PRCats. B) Selected scope of monosubstituted 
products. C) Selected scope of disubstituted products. [a]Overall yield after both steps. [b]A 1,4-dihydropyridine-based 
alkyl donor was used. 

 

Impressively, different trifluoroborate salts can be employed at each step to furnish 

unsymmetrical 3,6-disubstituted acridinium salts. In the photochemical step (step 1) of the 

proposed mechanism (Figure 29A), photoexcitation of 60, followed by SET reduction of *60 by 

the alkyl trifluoroborate salt, affords reduced form 64●. Addition of trifluoroborate-derived alkyl 

radical to 64● affords 65. In the electrochemical step (step 2), TEMPO engages 65 in HAT, 
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affording TEMPO-H and radical 66. Oxidation of 66, presumably by anodic current, affords 

product 61. Meanwhile, TEMPO-H undergoes reduction at the cathode to liberate H2 and 

TEMPO−, the latter of which is transformed back to TEMPO by SET at the anode. Passing a 

0.05 M solution of 60 (R = Ph) through a flow photocoil into an electrochemical batch reactor for 

the first functionalization, then washing with KPF6 before repeating for the second 

functionalization (see citation for details), 10.9 g (80% over both steps) of N-Ph Mes-Acr 

(structure in Figure 1) was successfully synthesized.  

 

 

Figure 29. Proposed mechanism for each step. B) End-to-end continuous flow photoelectrochemical synthesis of 
functionalized acridinium salts. C) Utility of 3,6-disubstituted acridinium salts in photocatalysis. 
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In the first example of an end-to-end, semi-continuous homogeneous synthetic 

photoelectrochemical flow process, Xu and co-workers transformed 2.0 g of 53 (R = Ph) into 1.4 

g (51% over both steps) of N-Ph Mes-Acr (Figure 29B). Here, the authors found that NEt3 was 

necessary to improve conversion in the electro-mediated dehydrogenation of 58. However, NEt3 

was detrimental to the photochemical step, so bases were neutralized in situ by TfOH before the 

subsequent photocoil. A collection flask was required after the first electrochemical flow reactor 

in order to purge gas bubbles (H2). 

To demonstrate the value of their 3,6-disubstituted product acridinium salts (62), Xu and co-

workers compared a variety of established photocatalysts in the photocatalytic decarboxylative 

conjugate addition of 67 to 68 (Figure 29C). While unsubstituted Mes-Acr+ (60, R = Me), an 

Iridium photocatalyst and 4CzIPN gave only trace products, the 3,6-tert-butyl disubstituted 

acridinium salt (N-Ph Mes-Acr) was effective and novel catalyst 62b gave a near-quantitative 

yield of 69. Interestingly, the nature of substituents at the 3,6-positions was found to dramatically 

influence the lifetime. The lifetime of N-Ph Mes-Acr (T1) is ~6.1 ns (Table 1), while the lifetime 

of 62c was much longer (τ= 30.7 ns) and is the longest lifetime ever reported for an acridinium 

salt. Enhanced lifetimes may provide a rationale for the increased activity of acridinium PRCat 

derivatives synthesized herein. 

Future perspectives: Recycling e-PRC continues to pave the way to enhanced sustainability and 

safety in photocatalysis, by substituting sacrificial redox agents with cheap, non-hazardous 

electrochemistry. In contrast to radical ion e-PRC which typically uses 0.1 M of supporting 

electrolyte, a recurring theme is an ability to use lower electrolyte loadings, typically <1 to several 

equivalents, likely as a result of an undivided cell setup with shorter interelectrode distances. 

Applicability of the technology is clear; from late-stage functionalizations of pharmaceutically-

relevant molecules to the synthesis of novel acridinium scaffolds as representing attractive 

functional materials and photocatalysts. Recent advances demonstrate how recycling e-PRC in 

recirculated or semi-continuous flow systems enables scalability of reactions, at least to 

multigram scales. However, the use of recycling e-PRC in the reductive direction is yet to be 

explored. Moreover, in most reports of oxidative recycling e-PRC, hydrogen gas is evolved and 

is not utilized downstream. Harnessing the by-product at the counter-electrode within a synthetic 

transformation (for example, utilizing H2 in a subsequent catalytic hydrogenation,[7b,65] isolating 

it, or conducting a paired electrolytic reaction[66]) will improve Faradaic efficiency and enhance 

sustainability further. In a general sense, the elimination of sacrificial cathodic or anodic 

processes in favour of a paired electrolytic system is deemed necessary to encourage uptake of 

electro- and photoelectrochemistry in process chemistry.[67] 
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 Photoelectrochemical HAT Reactions 

By circumventing high redox potentials, HAT is an efficient way to generate radicals which are 

hard to obtain from direct photocatalytic SET redox activations or where high applied 

electrochemical potentials would be inappropriate.[68-69] Examples covered in this section include 

C(sp2)-C(sp3) and C(sp3)-N couplings.[70] Photoelectrochemical HAT agents and selected 

properties[18a,51a,68f,69-72] are displayed in Figure 30.  

     

  Lambert[70a]

 = n.d.

max = 455, 497, 548 nm

Application: alkyl ethers

BDE 92 kcal/mol[69])

Data[18a]

N

N

N

TAC

ClCl 2 Cl
h

Chlorine radical

Xu[70b]

max (Cl2) = <400 nm[72]

HCl BDE 102 kcal/mol[71]

Application: ether, 

formamide (RHC=O), 

unactivated hydrocarbon

(BDE 101 kcal/mol[68f])

2

Cl

- e

Ravelli[70c]

 = 55 ns (T1)[68c]

max = 324 nm[71]

Application: ether, amide (NCHR2), 

formamide (RHC=O), unactivated 

hydrocarbon (BDE 105 kcal/mol[68f])

Data

O W

O

O
O

O

W

W

O

O

O
W

O
W

O

O

W

O

O

O
W
OO

O O
O W

O

W O W
OO

O

O O
O

4

4(nBu4N   )

TBADTData

max = 455, 497, 548 nm

Application: alkyl ethers

BDE 92 kcal/mol[68])

Data[18a]

 = n.d. 

max = 545 nm[51a]

Data

Data

Aromatic ketone HAT photocatalysts Lei[70d]

O O

OO

O

O

Cl

Cl

CN

CN

DDQ

 = 2.4 ms (T1)[38]

max = ~400 nm[38]

Application: benzylic 

hydrocarbon, unactivated 

hydrocarbon

(BDE 105 kcal/mol[68f])

 = 16.5 ns (T1)[51a]

max = 421 nm[51a]

Data

Application: benzylc hydrocarbon (BDE 89 kcal/mol[68c])

9-fluorenone bis(4-methoxyphenyl)methanone

 

Figure 30. Photoelectrochemical HAT agents. Purple shading is indicative of C-H abstraction power. Selected 
photophysical and BDE data are shown. 

 

Lambert and co-workers reported a photoelectrochemical HAT activation of C(sp3)-H bonds of 

alkyl ethers (70, 75).[70a] Here, the trisaminocyclopropenium ion (TAC+) developed by the group 

for radical ion e-PRC super-oxidations was employed as a catalyst. Upon anodic oxidation of 

TAC+ and photoexcitation of TAC●2+, the authors proposed that the excited radical dication 

*TAC●2+ engaged C(sp3)-H bonds of ethers in HAT to afford sp3 radical 79 (Figure 31D), which 

either 1) engaged in a Minisci-type reaction with quinoline derivatives like 71 to afford products 

72-74 (Figure 31A); 2) underwent 1,4-addition to electron-deficient alkenes or alkynes 76 to 

afford products 77a-d (Figure 31B); or 3) underwent further oxidation to oxocarbenium ions and 

then nucleophilic azolation with N-hetereoarenes 2 to afford products 78a-d (Figure 31C). Yields 

were generally satisfactory to excellent for all downstream transformations (31-89%). Following 

the proposed HAT step, TAC-H2+ releases a proton which is reduced to hydrogen at the cathode.  
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Figure 31. A) Photoelectrochemical HAT activation of alkyl ethers by a photoexcited cyclopropenium dication radical 
and participation of ethereal sp3 radicals in a Minisci-type reaction. B) 1,4-addition of ethereal sp3 radicals to electron-
deficient alkenes or alkynes. C) Oxidation of ethereal sp3 radicals and nucleophilic azolations. D) Proposed 
photoelectrochemical HAT mechanism. 

 

The observation of a kinetic isotopic effect (KIE, kH/D = 3.0) confirmed rate-determining C-H 

cleavage. Despite the apparent bulkiness of *TAC●2+ as a HAT catalyst, the authors proposed that 

high selectivity for 2o C(sp3)-H > 3o C(sp3)-H corroborates HAT as the mechanism. However, the 

lifetime of *TAC●2+ is unknown, and as a doublet excited state, it is likely ultrashort-lived such 

that HAT might require preassembly of ethers and TAC●2+. 
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The Xu group reported an elegant photoelectrochemical pathway to activate C(sp3)-H bonds using 

chlorine radicals as HAT agents generated in situ within an undivided cell.[70b] The generated 

C(sp3) radical (83) again participated in Minisci-type reaction with heteroarenes (Figure 32A). In 

their proposed mechanism, anodic oxidation of Cl− to Cl2 first occurs. Subsequent light irradiation 

leads to homolysis of Cl2,[73] generating Cl● as a powerful HAT reagent. Continuous in situ 

generation of Cl2 by anodic oxidation and its consumption in the reaction avoids the direct use of 

toxic Cl2 gas (Figure 32B). Since the bond dissociation enthalpy (BDE) of HCl is high (102 

kcal/mol),[71] Cl● is a powerful HAT agent and successfully engages various C(sp3)-H bonds in a 

thermodynamically favored process. As well as ethers, radicals were successfully accessed from 

C(sp2)-H positions of formamides and even C(sp3)-H positions of hydrocarbons were successfully 

engaged. Substrate scope with respect to both radical precursors and heteroarenes was relatively 

broad, tolerating many sensitive functional groups and affording products like 82a-f generally in 

modest to excellent (40-94%) yields (Figure 32C). The ability to substitute photo- or 

electroactivated photocatalysts (TBADT, TAC) with Cl● from HCl readily available in all 

laboratories is a key advantage of this method. Without noticeable erosion in the yield of 82f, a 

batch reaction was done on a 45 mmol scale. Even a 122 mmol batch reaction was achieved by 

recirculating the reaction mixture through a reservoir (Figure 32D). As per previous Minisci-type 

photoelectrochemical reactions (section 2), late-stage functionalization was achieved for complex 

and bioactive molecules such as dihydroinchonidine, fasudil, roflumilast and even an adenosine 

analogue (Figure 32C). While this process involved the photoelectrochemical generation of 

chlorine radicals, it is worth noting that the photoelectrochemical generation of iodine radicals 

for HAT at benzylic positions was reported earlier by Stahl and co-workers,[74] and was reviewed 

previously.[9]  

It is well established that the photoexcited state of tetra-n-butylammonium decatungstate, TBADT 

((nBu4N)4[W10O32]) is one of the most powerful HAT agents reported. It engages challenging 

C(sp3)-H bonds in HAT, including alkyl ethers, alkyl nitriles and even light hydrocarbons like 

methane.[68a,c,f] Ravelli and co-workers recently demonstrated electro-recycling of TBADT in a 

photoelectrochemical HAT process (Figure 33A).[70c] Photoexcited TBADT engaged the remote 

C(sp3)-H bonds of nitriles and carbonyls as well as hydrocarbons in HAT to afford C(sp3) radicals 

and HTBADT. Bentothiazoles (85) were explored as the C(sp3) radical trapping partner, affording 

coupling products like 86a-d (Figure 33C) TBADT is regenerated from TBADT-H by anodic 

oxidation at a very low applied potential (ΔEWE-RE = +0.15 V) in a divided cell (Figure 33B), such 

that the reaction could even be driven successfully by 2x AAA batteries. Laser flash photolysis 

confirmed the quenching of 3TBADT* by 81 and by a dihydro-precursor of 86, but not by the 

LiNTf2 electrolyte. 
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Figure 32. A) Photoelectrochemically-generated chlorine radicals in C(sp3)-H HAT activation for a Minisci-type 
reaction; B) Proposed mechanism; C) Selected examples; D) Recirculated flow photoelectrochemical HAT activation 
of 1,4-dioxane and Minisci-type reaction. 
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Figure 33. A) Photoelectrochemical HAT involving electro-recycling of TBADT ((nBu4N)4[W10O32]); B) Proposed 
mechanism. C) Selected examples. 

 

Lei and co-workers group reported a photoelectrochemical oxidative azidation of C(sp3)−H bonds 

in an undivided cell, in which electrochemistry plays multiple roles (Figure 34A).[70d] Upon 

photoexcitation of an aromatic ketone catalyst (Cat.) and intersystem crossing, the long-lived 

triplet excited state, the excited triplet state abstracts a C(sp3)−H atom from either activated 

benzylic positions (when Cat. = 9-fluorenone or bis(4-methoxyphenylmethanone) or unactivated 

hydrocarbons (when Cat. = DDQ), affording an C(sp3) radical 83 which reacts with a Mn(III)-

azide complex species to form the azidated product 88. This Mn(III)-azide complex is 

electrogenerated in situ from its precursor Mn(II)-azide complex. The authors proposed that, upon 

photoexcited-HAT, reoxidation back to the carbonyl is simultaneously mediated by anodic 

oxidation (Figure 34B), while liberated protons are reduced to hydrogen at the cathode. Benzylic 

and unactivated hydrocarbons were azidated to afford a broad scope of products such as 88a-e in 

modest to excellent (31-99%) yields (Figure 34C). Reactivities and selectivities were generally 

higher for 3o benzylic C(sp3)-H azidation compared to 2o benzylic aziridinations. The azidation 

of a cumene derivative was successfully achieved on gram scale after extended reaction time 

(71% yield after 72 h). Late-stage azidation of bioactive molecules such as a different precursor 

and ibuprofen methyl ester (affording 88d,e) when DDQ was used as a catalyst.  
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Figure 34. A) Photoelectrochemical HAT  azidation of C(sp3)−H bonds; B) Proposed mechanism; C) Selected 
examples. [a]Cat. = DDQ. 

 

In their mechanistic studies, the authors found by cyclic voltammetry that the oxidation of NaN3 

occurred at a lower potential than substrates and photocatalysts. This led them to suggest the azide 

radical was preferentially formed under the anodic conditions of the reaction. TEMPO was found 

to inhibit the reaction and by EPR the authors were able to detect the azide radical. In their 

optimization, authors found that the reaction did proceed appreciably in the dark without catalyst 

(45% yield), although the rate of reaction was markedly accelerated by irradiation (61%). To 

rationalize progress of the reaction in the dark, they suggested that the azide radical can also 

engage in HAT.  
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 Reactor Platforms 

Of key importance to the discovery of new PEC reactions and their uptake in industry is the 

requirement for robust reactor platforms that deliver reproducible chemistry. To this end, a 3D-

printed photoreactor accommodating two interchangeable high-power commercial LED lamps 

and up to 6x vials was reported by Schiel and co-workers at Boehringer Ingelheim (Figure 

35A).[75] The reactor gave excellent reproducibility, both vial-to-vial and of literature PRC 

reaction yields. By exchanging the vial holder module, the reactor accommodated an undivided 

cell photoelectrochemical reactor vial driven externally by a benchtop commercial potentiostat.[76] 

The recycling e-PRC heteroarene carbamoylation[57b] was successfully reproduced, affording 38e 

in 83% yield (Figure 35B). Since 3D printing has previously converted a commercial benchtop 

potentiostat into a compact flow electrochemical reactor;[77] it is likely bespoke or commercial 3D 

printed photoelectrochemical batch and flow systems will soon be available to practitioners, both 

in divided and undivided modes.  
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Figure 35. A) A 3D-printed reactor for photochemical and photoelectrochemical reactions; B) Application to recycling 
e-PRC carbamoylation of heteroarenes. 

 

A key challenge in molecular photoelectrochemical reaction discovery is the number of variables 

that arise when combining SOE with PRC. Light wavelength, light intensity, current, potential, 

electrode materials, divided vs. undivided cell, temperature, catalyst choice and loading, 

electrolyte choice and loading all influence the reaction outcome. The critical influence of light 

intensity and reaction temperature in PRC has been recently highlighted.[78] High throughput 

screening is a powerful tool for reaction discovery, allowing multiple variables to be 
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simultaneously explored.[79] Lin, Lehnherr, Kalyani and co-workers developed a compact, high-

throughput microscale electrochemical reactor that was successfully applied to screen up to 24 

conditions at once in a radical ion e-PRC reaction under constant potential (Figure 36), including 

control reactions.[80] The reactor increased the reaction rate 3-fold rate, likely due to increased 

transmission of light on the microscale and LED optical power. Vial-to-vial reproducibility was 

high (identical reactions with an average 75% yield gave a 5% standard deviation) confirming the 

robustness of the system for discovery. 

 

 

 

Figure 36. A) A compact, high throughput screening platform for photoelectrochemistry; B) Results of screening a 
radical ion e-PRC reaction. 
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 Summary and Outlook 

Synthetic photoelectrochemistry (PEC) involving in situ generated homogeneous photocatalysts 

is a rapidly-growing research frontier in single electron transfer chemistry and organic synthesis. 

Radical ion electrochemically-mediated photoredox catalysis (e-PRC) pushes the boundaries of 

the redox window further than ever before, achieving unprecedented oxidations and reductions in 

a controlled, selective manner that can be leveraged to construct, or cleave, strong bonds. While 

controversy continues to surround the operating mechanisms of reactions proposed to involve 

radical ion photocatalysts, substrate-catalyst preassembly provides a convincing interpretation of 

reactivity patterns and offers exciting new opportunities for selectivity control that challenge 

conventional parameters like the thermodynamic redox potential. Recycling electrochemically-

mediated phototedox catalysis forges ahead of conventional photoredox catalysis in improving 

sustainability, scalability, safety and cost-efficiency of reaction conditions, with sacrificial 

chemical redox additives being substituted for cheap, benign electricity. Both sub-categories of 

e-PRC leverage the general selectivity benefits of substrate engagement with a photoexcited state 

in bulk solution, mitigating against over-reduction or over-oxidation processes and harnessing 

reactive intermediates that may normally undergo further redox chemistry at electrode surfaces 

or lead to grafting/passivation. The combination of PEC and HAT opens new opportunities for 

synthesis, including new photoexcited HAT agents or electro-recycling established ones, as well 

as providing new access to ground-state HAT agents from inexpensive, abundant precursors. 

Finally, in addition to promising initial efforts in the scale-up of these chemistries in recirculated 

or continuous flow, new reactor platforms designed for high reproducibility, control of reaction 

variables and high-throughput experimentation pave the way to photoelectrochemistry becoming 

a tool accessible to both academic and industrial chemists alike.  
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From this review of recent developments in photoelectrocatalysis, it is clear that PEC is a 

promising approach for high redox potentials. As described above, the most obvious approach 

SOE has the disadvantage of over-oxidation/reduction and may cause problems in selectivity. 

Thus, we will not explore electrochemistry as a method for extreme redox potentials. However, 

PEC requires similar equipment to SOE to perform reactions. Therefore, alternative voltage 

sources from SOE may also facilitate access to photoelectrocatalysis. The following chapter 

contains our contribution to this topic. 
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 Abstract 

An induction-based energy harvesting (EH) device was presented. It converted part of the 

rotational energy of magnetic stirrers back into electrical energy, making it accessible for 

electrochemical transformations. After rectification, the induced AC voltage was optionally 

provided as a constant voltage or constant current whereby the available voltage could directly be 

adjusted by the stirring rate of the reaction. The comparability of the results with reactions carried 

out with commercial power supplies has been demonstrated on six different late-stage 

functionalizations, including methylation, carboxylation, trifluoromethylation, imidation, 

hydrolysis, and keto-olefin coupling. Therefore, the described EH device is a low-cost, resource-

efficient alternative to a commercial electrochemical set-up and enables laboratories without 

specialized equipment to perform electrochemical reactions. 
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 Introduction 

Energy Harvesting (EH) refers to a process in which ambient energy is captured, to power 

devices.[1] In addition to recovering otherwise wasted energy, it also helps to decentralize the 

generation of electricity for more energy autonomy. Self-powered electrochemical and 

photoelectrochemical systems are used for waste stream treatment,[2,3] sensor systems,[4,5] 

corrosion protection[6] and water splitting.[7] To our knowledge, applications in the synthesis of 

organic molecules have not been described so far.[8] 

We report here the application of a self-powered rotary energy harvesting (EH) device (Figure 1) 

to power an electrolytic cell for the synthesis of complex organic molecules. Based on the concept 

of induction, which is defined as the occurrence of an electromotive force across an electrical 

conductor due to a changing magnetic flux, parts of the rotating magnetic field of laboratory 

stirring plates are converted back into electric energy.[9] This method is not intended to reduce 

overall energy consumption, but to enable performance of electrochemical transformation without 

the need for additional power supplies. It may be therefore a cost-effective and resource-saving 

alternative for low-budget chemical laboratories. The approach simplifies operations in synthetic 

laboratories and allows performing electrochemical reactions with limited equipment. Simple 

design ensures that all components can be modified and repaired as easily as possible. 

 

Figure 1. Energy Harvesting (EH) device. Left: schematic representation, right: Prototype on a magnetic stirring plate 

during the operation of an electrolysis. 
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 Results and Discussion 

The EH device essentially consists of an induction coil inside a plastic housing, AC and DC 

outputs, a rectifier made of four diodes, a capacitor and a test LED with switch and ballast resistor 

(Figure S1, S2). Providing an open-circuit voltage of Uind=18 V and a current of Imax=40 mA, the 

requirements for most electrochemical reactions are fulfilled.[10–13] The sinusoidal voltage is 

smoothed to a high level, ensuring operation in DC mode (Figure 2).  

 

 

Figure 2. Oscillogram of the output voltage of the EH device. Left: open circuit without rectification, right: closed 
circuit under load with rectification. 

 

An external module, consisting of a tunable rotary potentiometer was conceived for constant 

current (c.c.) operation mode. Connected to the DC-output of the EH device, constant current is 

delivered to the module’s output jacks. In order to assess the viability of this EH concept in 

organic electrochemistry, a comparison between conventional power supply (PS) and the newly 

developed EH device was carried out as follows. To determine whether and to what extent the EH 

device can be used as a substitute for a commercial energy source, the yield was chosen as the 

decisive parameter. Due to their importance in the synthesis of natural products,[14] 

pharmaceuticals,[15,16] agrochemicals[17] and new materials,[16] six late-stage functionalization 

(Scheme 1) were selected as model reactions for this purpose. 
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Scheme 1. Selected late-stage functionalizations. 
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Nitrogen-containing aromatics are omnipresent and new approaches for Buchwald-Hartwig[18] 

coupling and Ullman amination[19,20] receive much attention.[21] We employed a method for C-N 

cross–coupling, developed by Lei[22] to demonstrate the direct dependency between rotational 

speed and induced voltage. Operating at constant voltage (c.v.) mode, a slow stirring speed of 

frot=350 rpm provides a voltage of 3.5 V, which furnishes the imidation of naphthalene in 18% 

yield. The control reaction with a conventional power supply led to similar low outcome. Higher 

temporal change of the magnetic field generates a higher output voltage Uind=4.0 V, furnishing 

50% respectively 47% yield at 550 rpm. An extreme stirring speed of 1050 rpm delivers 

Uind=8.0 V, causing an overoxidation which in turn diminishes the yield (12 %). Overall, the yields 

varied only slightly between the two power sources for all rotation speeds. Therefore, poor mixing 

at extremely high or low stirring speeds hardly has any effect, while the induced voltage does. 

Operation in c.c. mode enhanced the reaction outcome, as described by the authors.[22] The 

reaction outcome is also almost identical for both power sources in this operating mode (Table 1).  

 

Table 1. Influence of stirring speed on electrochemical reactions using the imidation of naphthalene as an example. 

 
Entry Source frot (rpm) Mode U (V) I (mA) Yield (%) 

1 PS 350 c.v. 3.5  12 
2 EH 350 c.v. 3.5  18 
3 PS 550 c.v. 4.6  47 
4 EH 550 c.v. 4.6  50 
5 PS 1050 c.v. 8.0  11 
6 EH 1050 c.v. 8.0  12 
 PS 550 c.c.  10 59 

6 EH 550 c.c.  10 56 

 

To confirm the initial findings, we applied our EH approach to other reactions like the 

trifluoromethylation of 1,3,5-trimethoxybenzene. The introduction of trifluoromethyl groups into 

organic compounds often improves properties related to bioavailability, lipophilicity, and 

metabolic stability which makes them appealing for all kinds of applications.[23–25] There are 

numerous strategies for the installation of a trifluoromethyl functionality, including 

photoredox[26,27] and electrochemical[28,29] approaches. Processes that do not require an external 

oxidant are of particular interest. That is why we chose the work of Lei[30] for another comparison 

between the different power sources in c.v. and c.c. mode. The applied voltage of 3.3 V 

corresponds to the initial voltage at 10 mA. Once again, no significant difference between the 

power sources has been observed, neither in c.v. nor in c.c. mode (Table 2). Both modes furnished 

the product formation in >60% yield. The deviation in yield in c.v. mode is slightly higher than 

in c.c. mode, which was also observed during the previous imidation. 
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Table 2. Comparison of c.v. and c.c. operation using the example of the trifluoromethylation of 1,3,5-trimethoxy 
benzene. 

 

A keto olefin coupling of 1-vinylpyrrolidin-2-one with 4-heptanone was chosen for the last 

example in c.v. mode (Table 3). As carbonyl and olefin compounds are well available,[31,32] such 

couplings have found use in complex molecule synthesis.[33] Following an electro reductive 

procedure reported by Baran,[32] we obtained the coupling product in fair yields. The yield in c.v. 

mode was on average by 14% lower than in c.c. mode and the fluctuation between PS and EH 

was double (4%) compared to those at c.c. mode (2 %). In conclusion, the c.v. mode is more 

reliable in terms of reaction outcome than the c.v. mode. Fluctuations seem to be smaller and 

yields tend to be higher. Photoelectrochemical reactions are an exception here.[34] As a 

consequence, the last three examples (Scheme 2) were focusing on the comparisons of both power 

sources in c.c. mode. 

 

Table 3. Comparison of c.v. and c.c. operation using the example of a keto-olefin coupling. 

 

 
Entry Source Mode U (V) I (mA) Yield (%) 

1 PS c.v. 3.3  64 
2 EH c.v. 3.3  60 
3 PS c.c.  10 64 
4 EH c.c.  10 64 

 
 
 
 
 
 

Entry Source Mode U (V) I (mA) Yield (%) 
1 PS c.v. 1.9  54 
2 EH c.v. 1.9  50 
3 PS c.c.  10 68 
4 EH c.c.  10 66 
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Scheme 2. Comparison of yields from EH and classical electrolysis, based on the hydrolysis of triphenylsilane (top), 
the synthesis of an N-O-acetal as a methylation precursor (middle) and the dual carboxylation of Boc-indole. 

 
Silanols are valuable compounds as they are employed in organic transformations, including 

metal-catalyzed cross–couplings,[35] C-H functionalization,[36,37] and organocatalysis.[38] They are 

furthermore known from polymeric materials[39] and as isosteres in bioactive molecules.[40,41] One 

elegant way to access silanols is the hydrolysis of hydrosilane. Using NHPI (N-

hydroxyphthalimide) as HAT mediator, we synthesized triphenylsilanol in satisfactory yield, 

without any detectable difference based on the power source used.[42] For the provision of 

desirable intermediates in late-stage functionalization a Shono-oxidation of N-p-tosylpyridine 

gives access to the corresponding N,O-acetal, which acts as a methylation precursor. Methylations 

are an important modification to increase biological activity. Activity changes of more than two 

orders of magnitude have been observed for bioactive compounds[43] and methyl groups are 

structural elements in top-selling drugs.[44] We applied a procedure by Lin,[45] which uses 

trifluoroethanol (TFE) to capture an iminium ion intermediate. TFE is more stable towards anodic 

oxidation than MeOH, while retaining its reactivity to undergo methylation when treated with 

organozinc reagents.[45] Under low current electrolysis (5 mA) both PS and EH forged the 

protected N,O-acetal of piperidine in fair yield. After the applicability at low currents was 

demonstrated, the upper limit of the device was examined. Carbon dioxide is considered to be the 

most widespread source of carbon on the planet.[46] CO2 is omnipresent, but its extensive emission 

from fossil fuels is the main cause of global warming, leading to increased attention to CO2-

capturing syntheses.[47] In this regard, Mita[48] has developed an electrochemical carboxylation 

procedure for the esterification of indole derivatives. Even though the described method exceeds 
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the available current, provided by the EH device, we could demonstrate that under slightly 

modified conditions Boc-Indole was successfully converted. After presumably quantitative 

methylation with MeI, we managed to isolate the two-fold carboxylated product in 22% (EH) 

respectively 24% (PS) yield, manifesting that there are no significant drawbacks in terms of yield 

when a commercial PS is replaced by EH. For the application in small lab-scale organic synthesis, 

the EH performs equally well as potentiostat.  
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 Conclusion 

Six different late-stage functionalization reactions including C-CF3, C-Me, C-CO2Me, sp2C- sp3C, 

Si-O and C-N bond formation demonstrate that the EH of rotational energy of a conventional 

laboratory magnetic stirrer could be used to perform electrochemical reactions. We observed no 

significant deviation in yield within the individual operational modes, between conventional 

power sources and the EH device. The built-in rectifier was sufficient to smooth the induced AC 

voltage to the extent required for different organic transformations. The simple to operate and 

cost-effective set-up may allow more chemical laboratories including laboratories in developing 

countries to use electrochemical reactions in education and research. The overall cost for all parts 

of the EH device was estimated to be below 90 €.  
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 Experimental Part 

 General Remarks 

 

All reactions were carried out with dry solvents unless otherwise stated. Dry nitrogen was used 

as inert gas atmosphere. All solvents and required chemicals were purchased from commercial 

suppliers (Acros, Alfa Aesar, Fluka, Fluorochem, Merck, Sigma Aldrich, TCI) as reagent grade 

or at the highest commercial quality and were used directly without further purification unless 

stated otherwise. Thin-layer chromatography (TLC) was performed on silica gel coated alumina 

plates (MN TLC sheets ALUGRAM®Xtra SIL G/UV254). Visualization was accomplished with 

UV light (254 nm or 366 nm) sources. All NMR spectra were recorded using a Bruker Avance 

400 (400 MHz for 1H, 101 MHz for 13C, 376 MHz for 19F) or Bruker Avance 600 (600 MHz for 
1H, 151 MHz for 13C, 565 MHz for 19F) NMR spectrometer in CDCl3, D2O and DMSO-d6 

solutions with internal solvent signals (for 1H and 13C) as reference (7.26, 77.2 for CDCl3, 2.50, 

4.8, NA for D2O and 39.5 for DMSO-d6). All chemical shifts are reported in δ-scale as parts per 

million [ppm] (multiplicity, coupling constant J, number of protons) relative to the solvent 

residual peaks as the internal standard. Coupling constants J are given in Hertz [Hz]. 

Abbreviations used for signal multiplicity: 1H NMR: br = broad, s = singlet, d = doublet, t = 

triplet, q = quartet, p = quintet, dd = doublet of doublets, dt = doublet of triplets, dq = doublet of 

quartets and m = multiplet. High-resolution mass spectra (HRMS) were obtained from the central 

analytic mass spectrometry facilities of the Faculty of Chemistry and Pharmacy, University of 

Regensburg. All mass spectra were recorded on a Finnigan MAT 95, Thermo Quest Finnigan 

TSQ 7000, Finnigan MATSSQ 710 A or an Agilent Q‐TOF 6540 UHD instrument. 

 

 Power Sources 

 

All electrochemical transformations, powered by EH, were performed by placing the EH device 

in between the magnetic stirrer and the reaction vessel. If necessary, the c.c. module was 

additionally interposed. Voltage or current was set to the specific value via the speed of the stirrer 

and monitored by a connected multimeter. Reactions performed with a commercial device were 

powered by a PeakTech® 6080A digital DC power supply. If specifically indicated in literature, 

an IKA ElectraSyn® 2.0 was employed instead. Scale, vessel size and electrode surface may vary 

from literature procedures (due to availability), leading to slightly different results.[1–6] All 

parameters were held constant within one series of reactions, ensuring the comparability of the 

yields achieved vial self-sustained (EH) and externally powered (PS) electrolysis. 
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 Electrodes 

 

The employed electrode materials were: reticulated vitreous carbon (RVC) foam electrodes, 

thickness: 6.35 mm, porosity: 96.5% (Goodfellow, Product Code: 613-422-20); Carbon from 

Faber-Castell 2.0 mm HB pencil lead, Pt 99.9 from Sigma Aldrich; Fe from DC01 CR1 (C 0.12, 

P 0.045, S 0.045, Mn 0.60, Ti 0.0) by Thyssen Krupp; Mg 99.9% from Sigma Aldrich, Zinc from 

MARAWE (part01-74-00000) (200 x 170 x 0.6 mm). Sn 99.9% (Aldrich). 

 

 Description of the EH Device 

 

The EH device provides a tunable operational voltage UInd = 18 V and a maximum current of Imax 

= 40 mA. The power is supplied to two pairs of banana jacks, one each for AC voltage and DC 

voltage. The installed components are an induction coil (steel screw M8x100 with 500 turns of 

copper wire Ø = 0.05 mm2) for voltage generation, a rectifier consisting of diodes (D1-D4: 

BAT41), a ballast resistor (R1 =1 kΩ), a capacitor (C1: 220 µF/35 V) and a test LED with switch. 

Circuitry is housed within a plastic enclosure. The cost of production amounted to 54.50 €. 

 

 

Figure S 1. EH device. top: front view, bottom: view into the opened housing. 
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Figure S 2. Circuit diagram of the EH device including all installed components. 

 

 

Figure S 3. Oscillogram of the output voltage of the EH device. top left: open circuit without rectification, bottom left: 
open circuit with rectification, top right: open circuit with rectification at lower stirring speed, bottom right: closed 
circuit under load with rectification. 

 

The control module for reactions at constant current consists of a tunable rotary potentiometer in 

an alumina housing which is connected to two pairs of banana jacks (c.v.-input; c.c.-output). Once 

connected to the DC-output of the EH device, constant current is delivered to the module’s output 

jacks. The cost of production amounted to 34.50 €. 
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Figure S 4. Current control module. Top: front and back view, bottom: opened and closed housing. 

 

 

Figure S 5. Current control module. Top: front and back view, bottom: opened and closed housing. 
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 Characterization of Starting Materials 

 

1-Tosylpiperidine (1e):[1] In a 50 mL round bottom flask, p-toluolsulfonyl chloride (1.3 g, 

7 mmol, 1.0 equiv.) was dissolved in ethanol (14 mL). Then the piperidine (1.4 mL,14 

mmol, 2.0 equiv.) was slowly added and the mixture was stirred at room temperature for 5 min. 

Solvent was removed under reduced pressure and the crude was purified with flash column 

chromatography (petroleum ether / ethyl acetate = 93/7) to give a white solid: 1.6 g, 96% yield. 
1H NMR (400 MHz, CDCl3) δH [ppm] = 7.64 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 2.97 

(t, J = 6.0 Hz 4H), 2.43 (s, 3H), 1.69 – 1.54 (m, 4H), 1.46 – 1.34 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δC [ppm] = 143.41, 133.45, 129.67, 127.87, 47.08, 25.31, 23.67, 21.66; HRMS (ESI+) 

m/z calcd. for C12H18NO2S+ [M+H]+ = 240.1053, found 240.1055; MP 99.0-100.5°C. 

 

 Synthesis of 1-Boc-indole (1f):[2] In a 100 mL Schlenk flask, Boc-anhydride (1.9 g, 

8.5 mmol, 1.0 equiv.), indole (1.0 g, 8.5 mmol, 1 equiv.) and DMAP (104 mg, 

0.85 mmol, 0.1 equiv.) were dissolved in dry DCM (20 mL) and stirred at room temperature for 

10 h. The reaction mixture was washed with brine (10 mL), dried over anhydrous Na2SO4 and the 

solvent was removed under reduced pressure. The crude was then purified by column 

chromatography (petroleum ether/ethyl acetate = 75/25) to receive a pale-yellow oil: 1.8 g, 95% 

yield. 1H NMR (400 MHz, CDCl3) δH [ppm] = 8.32 (brs, 1H), 7.72 (s, 1H), 7.66 (d, J = 7.8 Hz, 

1H), 7.44 (td, J = 7.8, 1.3 Hz, 1H), 7.34 (td, J = 7.8, 1.3 Hz, 1H), 6.66 (d, J = 3.1 Hz, 1H), 1.77 

(s, 9H); 13C NMR (101 MHz, CDCl3) δC [ppm] = 149.74, 135.23, 130.59, 125.83, 124.19, 122.63, 

120.93, 115.18, 107.28, 83.48, 28.12; HRMS (APCI+) m/z calcd. for C13H16NO2+ [M+H]+ = 

218.1176, found 218.1175.   
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 Characterization of Products 

 

N-(Naphthalen-1-yl)-N-(phenylsulfonyl) benzene sulfonamide (2a):[3] In a 

25 mL Schlenk tube, naphthalene (51.3 mg, 0.4 mmol, 1.0 equiv.), 

dibenzenesulfonimide (178 mg, 0.6 mmol, 1.5 equiv.) and nBu4NOAc (121 mg, 

0.4 mmol, 1.0 equiv.) were added. The tube was sealed with a rubber septum, equipped with an 

RVC (15 mm x 5.0 mm x 5.0 mm) anode and a Pt-foil (10 mm x 5.0 mm x 0.1 mm) cathode. Dry, 

degassed DCM (2.5 mL), ACN (0.5 mL) and HFIP (0.125 mL) were added through the septum. 

Then, the mixture was stirred and electrolyzed at a constant current of 10 mA for 4 hours. The 

crude was purified by flash column chromatography on silica (hexane/EtOAc = 90/10 to 0/100) 

to receive a white solid: EHD: 94 mg, 56% yield; PS: 100 mg, 59% yield. 1H NMR (400 MHz, 

CDCl3) δH [ppm] = 7.96 (dd, J = 8.5, 1.2 Hz, 5H), 7.85 (d, J = 8.2 Hz, 1H), 7.67 (t, J = 7.5 Hz, 

2H), 7.59 – 7.49 (m, 5H), 7.48 – 7.38 (m, 2H), 7.29 (ddd, J = 8.3, 6.9, 1.1 Hz, 1H), 7.12 (dd, J = 

7.4, 1.0 Hz, 1H); 13C NMR (101 MHz, CDCl3) δC [ppm] = 139.25, 134.78, 134.21, 132.92, 

131.28, 131.13, 130.67, 129.18, 129.06, 128.23, 127.11, 126.66, 125.10, 124.06; HRMS (ESI) 

m/z calcd. for C22H18NO4S2+ [M+H]+ = 424.0672 found 424.0674. MP 197-198°C  

 

1,3,5-Trimethoxy-2-(trifluoromethyl) benzene (2b):[4] In a 25 mL Schlenk tube 

1,3,5-trimethoxybenzene (84.0 mg, 0.5 mmol, 1.0 equiv.), CF3SO2Na (156 mg, 1 

mmol, 2.0 equiv.), nBu4NBF4 (82.3 mg, 0.25 mmol, 5.0 equiv.) were dissolved in a 

mixture of ACN (10 mL) and water (1 mL) under nitrogen atmosphere. The tube was sealed with 

a rubber septum, equipped with a carbon (RVC: 20 mm x 5.0 mm x 5.0 mm) anode and a steel 

(20 mm x 5.0 mm x 0.2 mm) cathode. The mixture was degassed by purging with nitrogen for 5 

min and electrolyzed at a constant current of 10 mA at room temperature for 5 h. Then water (10 

mL) and ethyl acetate were added and the organic layer was separated. The aqueous phase was 

extracted in ethyl acetate (3x 20 mL) and the combined organic phase was washed with brine and 

dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and the crude 

was purified by flash column chromatography (hexane/EtOAc = 95/5) to receive a white solid: 

EH: 76 mg, 64%; PS: 76 mg, 64% yield. 1H NMR (400 MHz, CDCl3) δH [ppm] = 6.12 (s, 2H), 

3.83 (s, 9H); 13C NMR (101 MHz, CDCl3) δC [ppm] = 163.67, 160.53, 160.52, 124.51 (q, J1
c-F = 

182.81 Hz), 100,385 (q, J2
c-F = 20.20 Hz), 91.33, 56.31, 55.45; 19F NMR (377 MHz, CDCl3) δF 

[ppm] = -54.68; HRMS (EI+) m/z calcd. for C10H12O3F3+ [M+H]+ = 236.06548, found 

236.06502; MP 60-63°C.  
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1-(3-Hydroxy-3-propylhexyl)pyrrolidin-2-one (2c):[5] In a 2 mL Eppendorf® 

tube, 4-heptanon (98 µL, 0.7 mmol, 2.0 equiv.), 1-vinyl-2-pyrrolidon (37 µL, 0.35 

mmol, 1.0 equiv.) and nBu4NBr (96.7mg, 0.3 mmol) were dissolved in DMF (1 mL). A zinc anode 

(10 mm x 5.0 mm x 0.3 mm) and a Sn-cathode (10 mm x 5.0 mm x 0.2 mm) were immersed. 

Then the mixture was electrolyzed at air with a constant current of 10 mA at room temperature 

for 4 h. The reaction mixture was filtered through a plug of silica, rinsed with EtOAc (30 mL) 

and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and the crude 

was purified by flash column chromatography on silica (petroleum ether/EtOAc = 90/10) to 

receive a colorless oil: EH: 54 mg, 68% yield; PS: 54 mg, 68% yield. 1H NMR (400 MHz, 

CDCl3) δH [ppm] = 3.40 – 3.29 (m, 4H), 2.63 (brs, 1H), 2.33 (t, J = 8.1 Hz, 2H), 2.05 – 1.90 (m, 

2H), 1.62 – 1.56 (m, 2H), 1.43 – 1.36 (m, 4H), 1.33 – 7.20 (m, 4H), 0.88 (t, J = 7.1 Hz, 6H). 13C 

NMR (101 MHz, CDCl3) δC [ppm] = 175.22, 73.36, 47.51, 41.62, 38.29, 36.16, 31.17, 17.95, 

16.93, 14.74. HRMS (EI+) m/z calcd. for C13H26NO2+ [M+H]+ = 227.1885, found 227.1885  

 

Triphenylsilanol (2d): [6] In a 10 mL ElectraSyn® undivided cell, triphenylsilane 

(157 mg, 0.6 mmol, 1.0 equiv.), NHPI (98 mg, 0.6 mmol, 1.0 equiv.), and nBu4NPF6 

(325 mg, 0.84 mmol, 1.4 equiv.) were dissolved in a mixture of ACN (7.0 mL) and 

water (0.4 mL). The vial was sealed with a cap, equipped with an RVC (20 mm x 5.0 m x 3.0 

mm) anode and a nickel foam (4.0 cm x 0.8 cm x 0.2 cm) cathode and the mixture was purged 

with nitrogen for 15 min. Then, the mixture was stirred and electrolyzed at a constant current of 

12 mA for 8 hours at room temperature. After completion, the solvent was removed under reduced 

pressure and the crude was purified by flash column chromatography on silica (petroleum ether/ 

EtOAc = 95/5) to receive a white solid: EH: 140 mg, 69% yield; PS: 140 mg, 69% yield. (400 

MHz, CDCl3) δH [ppm] = 7.66 (d, J = 6.5 Hz, 6H), 7.47 (t, J = 7.3 Hz, 3H), 7.40 (t, J = 7.2 Hz, 

6H), 2.74 (brs, 1H); 13C NMR (101 MHz, CDCl3) δC [ppm] = 135.13, 130.24, 128.05; HRMS 

(EI+) m/z calcd. for C18H17OSi+ [M+H]+ = 276.09649, found 276.09676; MP: 151-152°C.  

 

Piperidine,1-[(4-methylphenyl)sulfonyl]-2-(2,2,2-trifluoroethoxy) (2e):[7] In a 

5 mL ElectraSyn vial, equipped with graphite (20 mm x 6.0 mm x 3.0 mm) anode 

and graphite (20 mm x 6.0 mm x 3.0 mm) cathode, 1-tosylpiperidine (1f) (239 mg, 1.0 mmol, 1.0 

equiv.), trifluoroethanol (4 mL, 55 mmol, 55 equiv.) and TBAF trihydride (126 mg, 0.4 mmol) 

were added. The mixture was electrolyzed at a constant current of 5 mA at room temperature for 

16 hours (2.9 F/mol). Then, the crude was purified by flash column chromatography (petroleum 

ether /DCM = 40/60) to receive a colorless oil: EH: 147 mg, 53% yield; PS:127 mg, 46% yield. 
1H NMR (400 MHz, CDCl3) δH [ppm] = 7.70 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 5.33 
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(s, 1H), 3.98 – 3.83 (m, 2H), 3.59 (d, J = 13.5 Hz, 1H), 3.12 (td, J = 13.3, 2.7 Hz, 1H), 2.43 (s, 

3H), 1.92 – 1.89 (m, 1H), 1.77 – 1.63 (m, 1H), 1.53 – 1.41 (m, 2H), 1.37 – 1.34 (m, 1H), 1.42 – 

1.21 (m, 1H); 13C NMR (101 MHz, CDCl3) δC [ppm] = 143.73, 137.70, 129.92, 128.19, 124,05 

(q, J1
c-F = 279.77 Hz), 83.52, 64.65 (q, J2

c-F = 34.34 Hz) 40.85, 29.61, 23.92, 21.65, 17.66; 19F 

NMR (377 MHz, CDCl3) δF [ppm] = -74.66 (s); HRMS (ESI+) m/z calcd. for C14H19F3NO3S+ 

[M+H]+ = 338.1032 found 338.1033.  

 

 1-(tert-Butyl) 2,3-dimethyl (2S,3S)-indoline-1,2,3-tricarboxylate (2f):[8] In a 5 

mL Schlenk tube, 1-Boc indole (1f) (43.5 mg, 0.2 mmol, 1.0 equiv.) and 

NBu4ClO4 (68.4 mg, 0.2 mmol, 1.0 equiv.) were dissolved in dry ACN (2 mL) 

under nitrogen atmosphere. The vial was capped with a septum, equipped with a magnesium foil 

(20 mm × 3.0 mm × 0.15 mm) anode and a platinum foil (10 mm × 5.0 mm × 0.1 mm) cathode. 

Then the mixture was sparged with CO2 for 10 min and electrolyzed under a constant current of 

15 mA and continuous CO2 sparging at 0°C for 3 h. The reaction mixture was acidified with 1 N 

HCl (2 mL), extracted with ethyl acetate (3x 15 mL) and the combined organic phase was dried 

over anhydrous Na2SO4. The solvent was removed under reduced pressure and the crude was 

methyl esterified as follows: In a 5 mL crimp cap vial, the crude dicarboxylic acid and KHCO3 

(80 mg, 0.8 mmol, 2 equiv.) were dissolved in anhydrous DMF (3 mL) under nitrogen 

atmosphere. Then MeI (38 µL, 0.6 mmol) was slowly added and the mixture was stirred at room 

temperature for 12 h. The reaction mixture was diluted with EtOAc (10 mL), washed with brine 

(10 mL) and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and 

the crude product was purified flash column chromatography on silica (EtOAc–PE, 3:17) to give 

a colorless oil: EH: 15 mg, 22 % yield; PS: 16 mg, 24% yield 1H NMR (600 MHz, CDCl3) δH 

[ppm] = 7.33 (d, J = 7.6 Hz, 1H), 7.30 – 7.26 (m, 2H), 6.98 (t, J = 7.4 Hz, 1H), 5.34 (brs, 1H), 

4.17 (brs, 1H), 3.79 (s, 3H), 3.76 (s, 3H), 1.51 (brs, 9H); 13C NMR (151 MHz, CDCl3) δC [ppm] 

= 171.42, 170.54, 151.37, 142.39, 129.65, 125.57, 125.18, 122.86, 115.14, 81.97, 62.80, 53.20, 

52.73, 49.98, 28.38; HRMS (ESI+) m/z calcd. for C17H22NO6+ [M+H]+ = 358.1261; found 

358.1269. 
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As indicated above, the following chapters will focus less on the SOE and more on PRC and PEC. 

After this excursion into electrochemistry, the next chapter contains an example of how extreme 

redox potential and selective activation of specific bonds can be reconciled by e-PRC. 

 



 
 
CHAPTER 3 

This chapter has been published. For reference see: X. Tian, T. A. Karl, S. Reiter, S. Yakubov, 
R. Vivie-Riedle, B. Koenig, J. P. Barham, Angew. Chem. Int Ed. 2021, 133, (38), 20985-20993. 
 
T. A. Karl developed the concept of phosphinate deoxigenation. He designed the α-
cholorophospines and synthesized compound 1a and 4a. He further ran all the EPR, UV-Vis, 
emission and lifetime measurements and evaluated the data. All spectroelectrochemical and CV-
data was processed and evaluated by T. A. Karl. 

3 Electro-mediated Photoredox Catalysis for 
Selective C(sp3)-O Cleavages of Phosphinates 
to Carbanions 

 

 

 

 

 

 

 

 



CHAPTER 3 
 

78 
 

 Abstract 

We report a novel example of electro-mediated photoredox catalysis (e-PRC) in the reductive 

cleavage of C(sp3)-O bonds of phosphinates to alkyl carbanions. As well as deoxygenations, 

olefinations are reported which are E-selective and can be made Z-selective in a tandem 

reduction/photosensitization process where both steps are photoelectrochemically promoted. 

Spectroscopy, computation and catalyst structural variations reveal that our new naphthalene 

monoamide-type catalyst allows for a more intimate dispersive precomplexation of its radical 

anion form with the phosphinate substrate, facilitating a reactivity-determining C(sp3)-O 

cleavage. Surprisingly and in contrast to previously reported photoexcited radical anion 

chemistries, our conditions i) tolerate aryl chlorides/bromides and ii) do not give rise to Birch-

type reductions.  
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 Introduction 

Synthetic methodologies involving single electron transfer (SET) are increasingly popular for the 

facile synthesis or modifications of important organic compounds. Photoredox catalysis (PRC)[1] 

and synthetic organic electrochemistry (SOE)[2] lead to easy SET processes, providing notable 

redox power for various organic transformations under mild conditions. Generally, visible-light 

PRC generates radical intermediates with good functional group tolerance in a mild manner. 

However, synthetic applications of PRC in terms of transformations needing highly oxidizing or 

reducing potentials are limited by the energetic limitations of visible light photons. One solution 

is to generate photoexcitable radical ions by multi-photon processes.[3] Such photoexcited radical 

ions are highly oxidizing[3a,b] or reducing species,[3c-h] leading to a significantly expanded redox 

‘window’ for activating inert substrates. Sacrificial redox additives (e.g. DIPEA) are employed in 

stoichiometric excesses in consecutive Photoinduced Electron Transfer (conPET) processes to 

prime catalysts prior to excitation. Their excesses and organic by-products can plague purification 

steps. In contrast, SOE allows direct access to high, user-controlled redox energy without 

involving photocatalysts or sacrificial redox additives, possessing a great advantage for net-

oxidative/reductive reactions. However, the applied constant current or voltage can cause 

uncontrollable over-reductions/oxidations to afford by-products.  

 

To address the aforementioned limitations in PRC and SOE, organic chemists have recently 

explored their combination.[4] Merging the advantages of these two important techniques has 

made photoelectrochemistry a tool for greener, more challenging and more selective molecular 

activations.[5] Pioneering reports by Xu,[5b-c,o] Lambert,[5g,h,i,k] Lin[5h,j] and Wickens[5f] have shown 

that introducing applied potential in photoredox catalysis is not only beneficial for accessing 

challenging redox reactions, but is also a green replacement for sacrificial redox additives. 

 

Among the various strategies for combining photocatalysis and electrochemistry[4a] the sub-

category coined electrochemically-mediated photoredox catalysis (e-PRC) is highly attractive. In 

addition to turning over ‘spent’ closed-shell photocatalysts, e-PRC can also involve 

electrochemical generation of open-shell (radical ion) photocatalysts, followed by their 

photoexcitation to species with ultra-high redox potentials. A seminal report from the Lambert 

group demonstrated this strategy for super-oxidations of highly electron-poor arenes.[5k] In the 

reductive direction, photoexcited radical anions of dicyanoanthracene (DCA)[5h] and of 2,6-

diisopropylphenyl-containing naphthalenemonoimide (NpMI)[5f] are highly reducing species 

(Eºred ˂ -3.0 V vs. SCE) that reduce challenging aryl chlorides to their aryl radicals. Even p-

chloroanisole was reduced, beyond reach of the photon energy limit of monophotonic PRC and 

where SOE inevitably leads to dehalogenation via subsequent aryl radical reduction (Scheme 
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1A).[6] Despite these elegant advances, reductive e-PRC and biphotonic strategies[3] are still 

heavily focused on the reductions of aryl halides/pseudohalides through C(sp2)–X bond cleavages 

to generate aryl C(sp2) radicals in an overall dehalogenation or functionalization with excesses of 

radical trapping agents.[5f,h] 

 

 

Scheme 1. Previous reductive e-PRC reports involving C(sp2)-X cleavages to afford aryl radicals vs. this work involving 
C(sp3)-O cleavages to afford alkyl radicals and carbanions. [a]Ep

red [b]E1/2 [c]Redox potential vs. SCE. 

 

Inspired by previous reports,[5] we envisioned that phosphinates of aliphatic alcohols (Ep
red = -2.2 

 -2.6 V vs. SCE) could undergo e-PRC reduction to give carbanions (Scheme 1B). Thereby, an 

electroactivated-photoredox catalyst (e-PRCat) undergoes cathodic activation and 

photoexcitation to afford a potent reductant. SET reduction of 1a to its radical anion followed by 

C(sp3)–O bond cleavage delivers benzyl radical 1a’. Its further reduction[7d] to carbanion 

intermediate 1a” would enable either an olefination (X = Cl, Br) or a deoxygenation (X = H) 

process by a mechanism that does not depend on hydrogen atom transfer agents or 

decarboxylation.[7] Herein, we report the e-PRC reduction of alkyl phosphinates to alkyl(sp3) 

carbanions for olefination and deoxygenation reactions that i) proceeds under exceedingly mild 

conditions, ii) tolerates aryl halides/pseudohalides with similar or more accessible redox 

potentials than the target alkyl phosphinate moiety. 
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 Results and Discussion 

To assess the viability of our proposed e-PRC alkyl phosphinate reduction, we employed 2-

chloro-1,2-diphenylphosphinate 1a as a model substrate for the olefination reaction (Table 1). By 

using DCA as an e-PRCat and Zn(+)/RVC(−) as the electrodes in a divided H-cell, we examined 

the reduction of 1a under blue light irradiation and with different applied constant potentials. A 

high constant voltage (Ucell = −3.2 V) as used previously[5h] for electron-priming DCA to its 

radical anion for photoexcitation gave notable decomposition, desired product E-stilbene (E-2a) 

in only 7% yield and a 25% yield of diphenylethane 3a[8] (Table 1, entry 1). A lower potential 

(Ucell= −1.6 V) led to a remarkable improvement in the reaction profile and yield of E-2a to 70% 

(Table 1, entry 2). The optimal yield of E-2a was obtained at an even lower potential (Ucell = −1.0 

V). Cyclic phosphate ester 4a was also a suitable substrate for preparing product E-2a (entry 4), 

offering an attractive Corey-Winter-type olefination that avoids explosive/toxic 

trimethylphosphite, harsh activating reagents, or high temperature. Control reactions omitting 

light, constant potential or e-PRCat confirmed the photoelectrochemical nature of the olefination 

reaction (entries 5-7). In contrast to DCA, NpMI as catalyst delivered higher amounts of Z-2a 

(entry 8).[9] Allowing the reaction to proceed for 48 h (entry 9) increased the E-/Z- ratio to 1/10 

(71% of Z-2a). Detailed investigations (see experimental part) revealed that light, constant 

potential and NpMI are all advantageous to the isomerization process, representing a novel 

photoelectroisomerism of alkenes. 

Reaction scope was expanded to other substrates including precursors to unsymmetrical stilbenes 

as well as cyclic, hindered and terminal olefins. Phosphinate precursors are readily synthesized 

from their ketones via α-chlorination and one-pot NaBH4 reduction/Cl-P(O)Ph2 protection (see 

experimental part). Here we opted to use Fe instead of RVC as a cheaper, robust cathode 

material.[10] However, it was quickly identified that DCA and NpMI were ineffective e-PRCats 

for the majority of phosphinates. For example, cyclic substrate 1d underwent no reaction with 

these catalysts (entries 10-11). We synthesized nBuO-NpMI as a novel e-PRCat which afforded 

the desired product 2d in very good yield (entry 12). Control reactions confirmed the operation 

of e-PRC (entries 13-15), while cathode materials greatly impacted the reaction (for detailed 

optimizations see experimental part).[11] Optimal conditions were examined for a range of 

olefination reactions (Scheme 2). Unsymmetrical Z-stilbenes 2b-2c were prepared in high yields 

from the tandem e-PRC reduction/photoelectroisomerism process. Cyclic olefins 2d-2h, rarely 

synthesized by the Wittig reaction due to the inconvenience of substrate preparations, were 

prepared in good to excellent (69-83%) yields. Terminal olefin 2i could not be prepared in high 

selectivity by dehydration of its corresponding tertiary alcohol as such a method inevitably leads 

to the most substituted olefin,[12] in this case, a tetrasubstituted instead of a terminal olefin.  
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Table 1. Optimization of the reaction conditions. 

 
Entry Substrate e-PRCat Ucell (V) t (h) product: yield (%)[a] 

1 1a DCA −3.2 12 
2a: 7%, E-/Z-> 20:1[b] 

3a: 25% 

2 1a DCA −1.6 12 
2a: 70%, E-/Z-> 20:1[b] 

3a: trace 

3 1a DCA −1.0 12 
2a: 79%, E-/Z-> 20:1[b] 

3a: n.d. 

4 4a DCA −1.0 24 
2a: 79%, E-/Z-> 20:1[b] 

3a: n.d. 

5[c] 1a DCA −1.0 12 
2a: n.d. 
3a: n.d. 

6 1a DCA - 12 
2a: n.d. 
3a: n.d. 

7 1a - −1.0 12 
2a: trace 
3a: n.d. 

8 1a NpMI −1.6 12 
2a: 80%, E-/Z- = 1:1.3[b] 

3a: n.d. 

9 1a NpMI −1.6 48 
2a: 78%, E-/Z- = 1:10[b] 

3a: n.d. 
10[d] 1d DCA −1.0 12 2d: n.d. 
11[d] 1d NpMI −1.6 12 2d: trace 
12[d] 1d nBuONpMI −1.6 12 2d: 75% 
13[d] 1d nBuONpMI - 12 2d: n.d. 

14[c],[d] 1d nBuONpMI −1.6 12 2d: n.d. 
15[d] 1d - -1.6 12 2d: < 5% 

n.d., not detected; [a]Yields determined by 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as an internal standard; [b]E-/Z- 
ratios determined by 1H NMR; [c]in the dark; [d]Fe cathode. 

 

After the successful preparations of a series of E-styrene derivatives (exclusive isomers) bearing 

divergent substituents including -Ph (2j), -OBz(2k), -OMe(2l) and -CF3(2n) at their arene rings, 

we questioned whether halogen substituents could be tolerated by our reaction. This is a highly 

challenging issue, since the reductions of aryl chlorides and bromides by photoexcited radical 

anions (either e-PRC or conPET-type) are highly efficient and heavily reported as discussed 

earlier (Scheme 1).[3c-g,5f,5h] With this aim, we tested phosphinates bearing either a chloro- or 

bromo- substituent on their arene. To our delight, aryl chlorides 1o-1q and aryl bromide 1r 

underwent olefination in moderate to good (39-69%) yields with high or exclusive selectivity for 

their E- or Z- isomers; only traces of dehalogenated styrenes were observed (>10:1 in favor of 

olefination for 2p). Compared with products 2o-2p, p-chlorostilbene 2q has a more conjugated π-

system and is easier to reduce, yet still gave only traces of dechlorinated product 2a. Substrate 1s, 

bearing both an alkyl and aryl phosphinate,[13] selectively underwent e-PRC reduction of the alkyl 

phosphinate leading only to C(sp3)-O cleavage to afford 2s in good yield. Our method retains 

reductively labile C(sp2)-O functionality, providing complementary selectivity to a recent report 

involving a phenothiazine photocatalyst.[13]  
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Styrene-forming substrates containing longer-chain aliphatic groups or a benzyl group retained 

high E-isomer selectivity, affording 2t-2v in good to high (62-79%) yields and high selectivities 

(>10:1 in favor of their E-isomers). Olefin geometry is not impacted by the diastereomeric ratio 

of phosphinate precursors, but by the reaction conditions. For example, although the 

diastereomeric ratios of phosphinate precursors to 2r, 2t and 2v were all >30 : 1, the E-/Z- ratios 

were 4:1, 10:1 and 20:1 respectively. Hindered olefins derived from carbocycles 1w-1x were 

formed in high (83-87%) yields. In the synthesis of 2x, our conditions offer an alternative to i) 
nBuLi or Grignard chemistry with expensive bromocyclobutane and ii) expensive Wittig 

reagents/cyclobutanone, instead starting from commercial, inexpensive cyclobutyl phenyl ketone. 

Our e-PRC phosphinate reduction offers complementary selectivity to Birch-type photochemical 

reports involving SET,[14] or EnT.[15] Naphthalene-based substrate 1y was well-tolerated, affording 

2y in good (62%) yield without Birch-type reduction products. Amide 1z was also well-tolerated, 

in spite of its free proton and labile heterocycle that would react with strong bases. Although an 

alkyl phosphinate derived from a non-benzylic alcohol 1aa did not react, alkyl phosphinates 

derived from allylic alcohols were feasible. Allylic substrates 1ab-1ac derived from naturally-

occurring terpenes were found to be sluggish, but afforded dienes 2ab-2ac in satisfactory (30-

33%) yields in a complementary fashion to previous reports that require strong bases[16] or 

transition metal catalysis.[17] 

Demonstrating the utility of our base-free approach, products 2ad-2ag were synthesized from 

their alkyl p-acetylbenzoate precursors. Given the properties of Geraniol and Nootkatone as 

fragrance oils and cholesteryl benzoate as a liquid crystal, our reaction is a useful entry to terpene-

loaded monomers for the synthesis of functional polymers.[18] Strategies involving strong base - 

for example i) Wittig reaction of an aldehyde or ii) ketone reduction, mesylation and E2-

elimination - lead to hydrolysis or E2 elimination of the benzoate,[19] while direct esterification 

suffers from the caveats that 4-vinylbenzoic acid is thermally sensitive and formulated with BHT 

stabilizer. Further exemplifying utility, substrate 1ah, readily prepared from its α-dichloroketone, 

underwent selective reduction to its unsymmetrical stilbene 2ah in good yield while leaving the 

olefinic Cl atom untouched (Scheme 3). 
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Scheme 2. e-PRC reductive olefination scope.[a]for compounds 2a-2q, 2t-2x, 2aa-2ad, X = Cl; for compounds 2r-2s, 
2y-2z, 2ae-2ag, X = Br; [b]Isolated yields; [c]E-/Z- ratios determined by 1H NMR; [d]Yields in parenthesis {} are 1H 
NMR yields from NpMI as an e-PRCat. 
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This demonstrates the value of our method which retains reductively-labile halides for further 

functionalizations. The method provides alternative access to unsymmetrical halogenated 

stilbenes that does not rely on transition metal catalysis.[20] While conPET photocatalysis and e-

PRC are complementary approaches in the reductions of aryl halides/pseudohalides,[3f,g] conPET 

conditions did not affect the net-reductive transformation herein (Scheme 4). 

 

 

Scheme 3. e-PRC reduction of dichlorinated substrate 1ah. [a]Yield of isolated product; [b]E-/Z- ratio was determined by 1H NMR. 

 

 

Scheme 4. Attempted reduction of 1d under conPET conditions. 

 

At this juncture, we wondered if overall deoxygenation would be possible by removing the α-Cl 

atom from 1a (1ai) as the generated carbanion would be protonated. Photocatalytic 

deoxygenations of alcohols activated as their bis(trifluoromethyl)benzoates have been achieved 

with an iridium photocatalyst, but required stoichiometric Hantzsch ester, alkylamine and water 

at 40 oC.[21] Direct electrolytic reduction of alkyl phosphinates is known, and required a constant 

current of 600 mA at 60-110 oC where a constant potential (Ucell = −2.4 V vs. Ag/AgCl) was 

ineffective.[22] Reductive functionality (styrenes, aryl halides, dienes, benzoates) would not 

tolerate these conditions. e-PRC deoxygenation afforded desired product 1ai in good yield under 

standard conditions (Ucell = −1.6 V) with extended time (Scheme 5). Allylic substrate 1aj 

smoothly deoxygenated to 2aj (Limonene). When a Cl atom was present β- to the phosphinate 

(1ak), deoxygenation afforded 2ak and cyclopropane 2ak’, confirming the intermediacy of a 

benzylic carbanion (see 1a”, Scheme 1c). An alkyl phosphinate derived from non-benzylic/allylic 

alcohol (1al) did not react. We sought explanations as to two questions: 1) why e-PRC conditions 

herein could not engage non-benzylic substrates (1aa and 1al, respectively) and 2) why nBuO-

NpMI was a superior e-PRCat to NpMI; since NpMI as an e-PRCat gave no conversion of various 

substrates (1f, 1n, 1o, 1q, 1u) in olefinations (Scheme 2), and poor conversion of 1ai and 1aj in 

deoxygenations (Scheme 5). 
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Scheme 5. e-PRC reductive deoxygenation.[a] Isolated yields of products 2ai and 2aj; [b]Yields in parenthesis {} are 1H 
NMR yields from using NpMI as an e-PRCat; [c]Yields of 2ak and 2ak’ are by 1H NMR with 1,3,5-trimethoxybenzene 
as an internal standard, identified by literature comparisons and GC-MS traces. 

 

Concerning the first question, measured reduction potentials (Ep
red) of the alkyl phosphinates - in 

good agreement with those calculated by DFT - did not correlate with reactivity (Table 2). Instead, 

comparison of the C(sp3)-O bond-dissociation free energies (BDFEs) of phosphinate radical 

anions correlated well with reactivity. This corroborated C(sp3)-O cleavage as the rate-limiting 

step and rationalized i) the unique tolerance of our conditions to aryl halides due to their less 

exergonic C-X BDFEs (entries 4,5; 6,7) and ii) the lack of reactivity of phosphinates derived from 

non-benzylic/allylic alcohols that require higher temperatures[22] to assist C(sp3)-O cleavage 

(entries 9,10).  

 

Table 2. Calculated properties of phosphinate radical anions vs. reactivity. 

Entry 
Radical 
anion e-PRCat 

Product yield 
(%)[a] 

BDFE (kcal/ mol)[b] 
Ep

red(V) 
ΔEcalc.[c] ΔEexp.[d] 

1 1g NpMI 78 (2g) −39.8 (C-O) −2.55 −2.47 
2 1a NpMI 78 (2a) −39.2 (C-O) −2.60 −2.23 / −2.34 
3 1ai nBuO-NpMI 51 (2ai) −38.7 (C-O) −2.62 ND 
4 1o nBuO-NpMI 56 (2o) −38.1 (C-O) −2.45 −2.60 
5 1o nBuO-NpMI 5 (de-Cl) −26.9 (C-Cl) - −2.78[f] 
6 1r nBuO-NpMI 39 (2r) −38.2 (C-O) −2.44 −2.33 / −2.46 
7 1r nBuO-NpMI trace (de-Br) −30.6 (C-Br) - −2.44[f] 
8 1d nBuO-NpMI 69 (2d) −34.5 (C-O) −2.44 −2.41 
9 1aa nBuO-NpMI n.d. (2aa) −27.5 (C-O) −2.40 −2.42 
10 1al nBuO-NpMI n.d. (2al) −22.1 (C-O) −2.56 −2.68 

[a]Product yields as defined in Scheme 2; [b]bond dissociation free energies (ΔG) calculated at the ωB97X-D/6-311+G*, 
IEFPCM(ACN) theory level; [c]calculated at the ωB97X-D/6-311+G*, IEFPCM(ACN) theory level and calibrated to an experimental 
set, see experimental part; [d]measured at 10 mM [phosphinate] in 0.1 M nBu4N·PF6 in ACN using Fc as an internal standard and 
calibrated vs. SCE, see experimental part I; [f]Literature redox potentials of PhCl and PhBr are taken as surrogates.[6] 

 

As to the second question, NpMI and nBuO-NpMI had identical redox potentials (E1/2 = −1.3 V 

vs. SCE, Figure 1, left) by cyclic voltammetry. Their radical anions are electrogenerated with 

equal efficiency, which is entirely consistent with the spin densities of their radical anions (Figure 

1, right) being localized on the naphthalene and being unaffected by substitution on the N-aniline. 

Spectroelectrochemistry of both e-PRCats gave identical UV-Vis bands for their radical anions 

(Figure 2, left and see experimental part).  
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Figure 1. Cyclic voltammetry of e-PRCats (10 mM [e-PRCat] in 0.1 M nBu4N·PF6 in ACN) vs. Ag/AgCl (left). DFT 
calculated spin densities of NpMI●− and nBuO-NpMI●− (right), see experimental part for details. 

 

 

 

 

 

 

 

 

Figure 2. Spectroelectrochemistry of nBuO-NpMI (2.5 mM in 0.1 M nBu4N·PF6 in ACN) from 0 to −1.6 V vs. Ag/AgCl 
(left). EPR spectrum of electroreduced nBuO-NpMI (2.5 mM in 0.1 M nBu4N·PF6 in ACN at Ucell = −1.6 V for 1 h) in 
the presence of 1d (10 eq.) and signal quenching upon light irradiation (right). 

 

Taken together, these results indicate that their excited radical anions are equally potent 

reductants. To probe further, we electrochemically generated NpMI●− and nBuO-NpMI●− under 

inert conditions for analysis by EPR (Figure 2, right).[23] In both cases, a pentet was observed 

whose intensity was unchanged upon irradiation with blue LEDs. In both cases, in the presence 

of 1d (10 eq.), the EPR signal was identical in the dark (see experimental part), but upon 

irradiation by blue LEDs, the EPR signal quenched, corroborating successful SET from the 

doublet states (Dn) of both catalysts 2[NpMI●−*] and 2[nBuO-NpMI●−*] to 1d. Given that the 

reaction of 1d is only successful with nBuO-NpMI●− and taken together with the discussion of 

Ep
reds and BDFEs in Table 2, this confirms SET is not the determining factor for the success of 

nBuO-NpMI●−.  
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Neutral and electroreduced forms of NpMI and nBuO-NpMI were probed by luminescence 

spectroscopy (Table 3). For neutral e-PRCats, absorbance and emission (fluorescence) spectra 

corresponded with the literature.[24] Measured lifetimes were τ ≈ 3.0 ns in both cases. Although 

some N-arylnaphthalimide derivatives have ultrashort-lived singlet states, due to rapid 

intersystem crossing to triplet states,[24] phosphorescence does not occur for the N-aryl-1,8-

naphthalimides where N-aryl rotation becomes considerably hindered.[24] Electroreduction for 1 h 

and selective excitation of the radical anions at 452 nm led to a new emission band (λmax ca. 540 

nm) and a longer-lived species for both NpMI●− and nBuO-NpMI●− (τ = ~7 and ~20ns, 

respectively). The doublet (D1) states of similar radical anions (naphthalene diimide radical 

anions, perylene diimide radical anions) are picosecond-lived and do not luminesce,[25] and we 

confirmed by excitation spectra (see experimental part) that this emission was not deriving from 

the initially-formed excited state 2[nBuO-NpMI●−*] (Figure 2, left), but from a lower-lying, longer 

lived excited state, termed ‘ES1’. Intersection of the longest wavelength absorption and shortest 

wavelength emission bands allows an estimation of E0-0 for photoexcited states.[26] For these 

emitting excited states, estimated E0-0 values (EES) for both [NpMI●−*] and [nBuO-NpMI●−*] were 

(EES = 56.6 kcal mol-1) almost identical to the triplet energies (ET) of *IrIII photosensitizers used 

in olefin photoisomerisms.[9a-c] It is therefore reasonable to propose E-/Z- photoisomerism occurs 

via energy transfer (EnT) from ES1. EnT would be exergonic to E-stilbene and less so to Z-stilbene 

(ET = 51.0 vs. ET = 55.5 kcal mol-1, respectively), rationalizing high Z-stilbene selectivity.[9b,c],[27] 

However, the lifetime of ES1 was unchanged in the presence of 1d (10 eq.), confirming its 

catalytic inactivity in the initial SET step.  

 

Table 3. Lifetimes of neutral and electroreduced[a] e-PRCats. 

Entry e-PRCat Conditions λmax(ex) λmax(em) τ (ns) 
ES/ES1 

(kcal mol-1) 
1 NpMI - 375 412 τ = 3.2 (S1)75.4 

2 NpMI −1.6 V, 1 h[a] 452 535 
τ1 = 5.4 

τ2 = 21.7 
(ES1) 56.6 

3 nBuO-NpMI - 375 412 τ = 3.2 (S1)75.6 

4 nBuO-NpMI −1.6 V, 1 h[a] 452 548 
τ1 = 6.8 

τ2 = 19.5 (ES1) 56.6 

5 nBuO-NpMI 
−1.6 V, 1 h[a] 
+10 eq. 1d 

452, 548  
τ1 = 8.1 

τ2 = 20.3 
- 

[a]Electroreduced e-PRCat (2.5 mM in ACN (0.1 M nBu4N·PF6), diluted 8x.  

 

In their study of photoexcited benzo[ghi]perylenemonoamide (BPI) radical anions for Birch 

reductions, Miyake and co-workers made similar observations.[14] They assigned the long-lived 

excited state as the lowest-lying quartet excited state (4BPI●−*) arising from intersystem crossing 

(ISC) from the doublet state (2BPI●−*). Therefore, the lowest-lying quartet state 4[nBuO-NpMI●−*] 

is a candidate for ES1, which allows EnT to be spin-conserved. However, Miyake similarly found 

that the putative 4BPI●−* was not catalytically active in the Birch SET step. They hypothesized 

SET from a higher-lying excited doublet state 2BPI●−* (Dn) in an anti-Kasha fashion. Consistent 
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with previously reported anti-Kasha photochemistry of doublet excited state photocatalysts,[5a,14] 

excitation of the broad absorption of 2[nBuO-NpMI●−*] between 650-900 nm (D0→D1) with 740 

nm or 850 nm LEDs gave only traces of 2d.[28] Ruling out participation of the first excited state 

(D1), we predict ‘effective minimum’ potentials of NpMI●−* (Dn) at −3.7 V vs. SCE and nBuO-

NpMI●−*(Dn) at −3.8 V vs. SCE from the Rehm-Weller equation,[29] easily reaching Ep
red of all 

phosphinates herein as well as aryl halides.[30],[31] Participation of a doublet excited state in SET 

is consistent with aforementioned quenching of the EPR signal (Figure 2). High-level DFT/MRCI 

calculations were carried out for nBuO-NpMI•– to characterize this Dn state. The computed 

spectrum (Figure 3, top) is in excellent agreement with the experimental absorption spectrum, 

especially at the band with λmax = 415 nm comprising two bright π-π* states (D0Dn and 

D0Dn+1). Contrary to the D0D1 transition around 870 nm, both these excitations transfer 

electron density from the naphthalene to the N-aniline unit of nBuO-NpMI•– (Figure 3, bottom). 

Preassembly of ground state radical anion and substrate could explain (i) photochemistry of 

ultrashort-lived doublet states[25] and (ii) faster than rates of diffusion.[5a] Preassembly of nBuO-

NpMI●− with 1d being more favorable than that of NpMI●− may explain the reactivity differences 

of the e-PRCats in effecting C(sp3)-O cleavage following SET, and may rationalize profound shift 

in the molecular site of reduction compared to previous reports.[32] However, like Miyake and co-

workers, we were unable to find spectroscopic evidence of preassembly by UV-Vis or EPR (see 

experimental ). While the absence of spectroscopic perturbations does not rule out a 

preassociation,[33] preassembly could occur at the N-aniline that is spin-disconnected from the 

naphthalene where the radical anion spin density is localized (Figure 1, right). Spin densities of 

favorable candidate preassemblies at the N-aniline unit of nBuO-NpMI●− found by computational 

geometry optimizations do not differ from that of nBuO-NpMI●− alone, while a favorable 

candidate preassembly at the naphthalene unit of nBuO-NpMI●− does differ (see experimental 

part). A preassembly at the N-aniline could also rationalize anti-Kasha photochemistry, since 

charge transfer to the N-aniline in the Dn/n+1 states is proximal to the bound substrate and promotes 

intermolecular SET upon photoexcitation (Figure 3). In contrast, the charge density of the lowest 

excited doublet state D1
 remains localized on the naphthalene and is not close to the substrate.  
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Figure 3. Calculated DFT/MRCI absorption spectrum for nBuO-NpMI•– (top). Dark states with oscillator strengths 
f < 0.01 are indicated by dotted orange lines. Leading electronic configurations for the bright excited states D1, Dn 
and Dn+1 (bottom). Dotted red lines indicate single electron excitations from the ground state configuration. 

 

Where spectroscopy offers little insight, a top-down approach varying catalyst structure and 

examining product yields has proven useful in investigating the mechanisms of reactions 

involving in situ formed organic electron donors.[34] To probe the importance of a preassembly of 

1d at the N-aniline of the e-PRCat, we explored the influence of a series of e-PRCats with varying 

electronics and steric bulk (5a-f, Scheme 6). Compared to NpMI, catalysts with electron-donating 

alkoxy or p-anisole substituents on the naphthalene unit (5a,5b) gave no reaction. Compared to 
nBuO-NpMI, a catalyst with additional alkoxy substituents on the N-aniline (5c) gave a lower 

(41%) yield of 2d. The yield of 2d increased with decreasing steric hindrance at the ortho-

positions of the N-aniline (NpMI<<5d<5e).[35] 

A decrease in ‘steric bulk’ likely promotes preassociation of radical anion e-PRCat and 1d. In our 

computational investigations we found multiple stable ground-state preassemblies. Geometry 

optimizations (see experimental part) converged to pincer-like conformations for all candidates, 

where two of the substrate’s aryl groups coordinate to the N-aniline of the e-PRCat in a T-π and 

π-π orientation, respectively. The thermodynamics and kinetics of their formations (see 

experimental part) mirror reactivity trends in Scheme 6, corroborating a preassembly between e-

PRCat and substrate before photoexcitation. 
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Scheme 6. e-PRC deoxygenation of 1d with various e-PRCats. Yields of 2d determined by 1H NMR with 1,3,5-
trimethoxybenzene as an internal standard. 
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 Conclusion 

In conclusion, we report an electro-mediated photoredox catalytic reduction of phosphinates 

derived from α-chloroketones toward selective olefinations and deoxygenations. This study 

reports reductive formation of alkyl carbanions via photoexcited radical anions as super-

reductants. The selective reduction of C(sp3)-O bonds in the presence of C(sp2)-X bonds was 

achieved. Reactivity differences of various radical anion photocatalysts and anti-Kasha 

photochemistry, backed by computational insights, suggest the importance of a close catalyst-

substrate interaction for an effective, selective reaction. In this context, our calculations indicate 

that intramolecular charge transfer in the catalyst radical anion upon photoexcitation promotes 

SET to the substrate. Photocatalyst-substrate preassemblies such as EDA complexes,[36] non-

covalent interactions,[5a,37] hydrogen bonding[38] and ordering of solvent[39] are receiving 

increasing attention to unveil the next generation of photocatalytic transformations and offer new 

frontiers in selectivity and efficiency. Further studies into the nature of interactions and structure 

of preassemblies are ongoing.  
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 Experimental Part 

 General Remarks 

 

Unless stated otherwise, reactions were carried out under an inert (N2) atmosphere. Cryogenic 

conditions (-78 oC) were achieved using dry ice/acetone baths. Temperatures of 0 oC were 

obtained by means of an ice bath or ice/salt bath. ‘Room temperature’ (rt) indicates temperatures 

in the range of 20-25 oC. For purposes of thin layer chromatography (TLC), ALUGRAM® Xtra 

SIL G/UV254 silica plates were used, with UV light (254 nm), near-UV light (366 nm) 

and potassium permanganate used for visualization. Purification was achieved by column 

chromatography using Macherey-Nagel silica gel 60 (0.063-0.2 mm) or Merck silica gel 60 

(0.040-0.063 mm, 230-440 mesh). Removal of solvents (in vacuo) was achieved using Heidolph 

rotary evaporators or Vacuubrand high vacuum pumps. All NMR data were collected using a 

Bruker Avance 400 Ultrashield instrument (400 MHz, 376 MHz, 162 MHz and 101 MHz for 1H, 
19F, 31P and 13C NMR), or a Bruker Avance 300 Ultrashield instrument (300 MHz, 282 MHz, 162 

MHz and 75 MHz for 1H, 19F, 31P and 13C NMR) was used. 13C NMR was run in 1H-decoupled 

mode. Data were manipulated using MestReNova version 12.0.0. Multiplicities for coupled 

signals were denoted as: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = 

sextet, hept = heptet, dd = doublet of doublets, ddd = doublet of doublets of doublets, td = triplet 

of doublets, qd = quartet of doublets, m = multiplet, br. = broad, apt. = apparent. Coupling 

constants (J) are given in Hz and are uncorrected. Where appropriate, COSY, DEPT, HSQC and 

HMBC experiments were carried out to aid assignment. Infra-red measurements of 

electrogenerated radical anions were recorded on a Bruker Tensor 27 FT-IR Spectrophotometer 

(courtesy of Prof. Dr. Patrick Nürnberger’s group) as a thin film of solution between NaCl discs 

unless otherwise stated. Preparation of electrogenerated radical anions was done either using a 

MBRAUN UNIlab Plus glovebox (courtesy of Prof. Dr.Manfred Scheer’s group) or an MBRAUN 

UNIlab glovebox (courtesy of Prof. Dr. Robert Wolf’s group) under an N2 atmosphere. UV-

visible absorption measurements were performed either using an Ottle Cell Chrono (optically 

transparent thin-layer electrochemical cell with a path length of 0.02 cm, see Section S12 for 

details on spectroelectrochemistry), or using a gastight quartz cuvette (path length of 1.0 cm), 

within an Agilent 8453 spectrometer unless otherwise stated. Online UV-Vis measurements were 

performed within the same spectrometer, using an ISMATEC ISM930C dosing pump to 

continuously pump the catholyte (1 mL/min) through a quartz flow cell (path length of 1.0 cm). 

EPR spectra of electrogenerated radical anions were measured on a Magnettech Miniscope MS 

400 spectrometer (9.45 GHz) at 20 oC (see Section S17 for EPR studies). High-resolution mass 

spectral analyses were carried out in EI or ESI mode on a Finnigan MAT 95, Thermo Quest 

Finnigan TSQ 7000, Finnigan MATSSQ 710 A or an Agilent Q‐TOF 6540 UHD instrument, 
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masses observed are accurate to within ±5 ppm. Melting points are uncorrected and were recorded 

using a Stuart melting point device up to 300 oC. All solvents and reagents were purchased from 

Sigma-Aldrich and used as supplied. All solvents and reagents were used as supplied or purified 

using standard techniques.[1] As electrolyte in all preparative reactions and spectroscopic studies, 

n-tetrabutylammonium hexafluorophosphate (nBu4N.PF6 or ‘TBAP’ (98%+, TCI Chemicals)) was 

used as purchased (see Section S11 for cyclic voltammetry studies). Reactants and reagents were 

purchased at the highest commercial quality and used as received, from TCI, Sigma-Aldrich, 

Fischer Scientific, Fluorochem or ChemPur. All other solvents and reagents were used as supplied 

or purified using standard techniques.[1]  

 

 Materials and Electrode Preparation 

 

LEDs (Section S16 for characterization details):  

365 nm: CCS (Creating Customer Satisfaction) Inc. (LDL-71X12UV12-365-N); 400 nm: LED 

Engin (LZ440UB00-00U4); 450 nm: 740 nm: LED Engin (LZ4-00R308); 850 nm: LED Engin 

(LZ4-00R608).  

 

Materials:  

Eluteng (12 V, 1 A) USB cooling fan (purchased from Amazon); Faber-Castell 2.0 mm 2B pencil 

lead (purchased from Amazon); PeakTech® 6080A digital DC power supply; Glassy Carbon 

Foam electrode, thickness: 6.35 mm, porosity: 96.5% (Goodfellow, Product Code: 613-422-20); 

Carbon felt electrode purchased from Alfa Aesar (1.27 cm, thick, 99.0%); Fe Cathode was 

manufactured in house from DC01 CR1 (C 0.12, P 0.045, S 0.045, Mn 0.60, Ti 0.0) by Thyssen 

Krupp; Cu Cathode was manufactured in house from CW021A (Cu min 99.5, Bi 0.0005, P 0.002-

0.007, Pb 0.005) by Batz + Burgel oHG; Zinc Anode (for electroplating) purchased from 

MARAWE (part01-74-00000) (200 x 170 x 0.6 mm; Fabrication of divided H-cells was done by 

in-house by a glassblower. A built-in porous filter disc (Ø 1 cm, max. pore size 16 -40µm) was 

purchased from Duran®; Set-up of divided cells for photoelectrochemical reactions followed a 

method previously reported[2] and is summarized in Figure S1. 
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Figure S 1. Electrodes and H cell setup: Zn-electrode (left), steel-electrode (center), RVC-electrode (right). 

 

Cathode (RVC foam) set-up: A 2B pencil lead was inserted through a septum with the help of 

a needle. A small square (around 7 mm x 7 mm) of carbon foam was cut from the carbon foam 

plate, and the pencil lead was pierced through the resulting foam cube. Cathode (Fe) set-up: A 

rectangular metal cathode (ca. 20 mm x 4 mm) was inserted into a conductive steel holder. With 

the help of a needle, the holder was inserted through a septum. Anode (Zn) set-up: A rectangular 

metal cathode (ca. 20 mm x 4 mm) was inserted into a conductive steel holder. With the help of 

a needle, the holder was inserted through a septum.  

The assembled H cell, after charging with reactants, reagents and solvent and degassing via N2 

bubbling for 10 min, was stirred at room temperature above a water-cooled cooling block under 

irradiation of a 440 nm LED from beneath the cathodic chamber (Figure S2). 

 

 

Figure S 2. Photoelectrochemical reaction setup 
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 Synthesis of Catalysts 

 

Procedure 1: nBuO-NpMI and 5c-5e were prepared according to a modified literature procedure. 
[3] A mixture of 1,8-naphthalic anhydride (5.0 mmol, 1.0 eq.) and substituted aniline (10.0 mmol, 

2.0 eq.) in CH3COOH (25 mL) was charged to a pressure tube (50 mL in volume) with a stirrer 

bar and was heated to 120 ºC. After being stirred at this temperature for 24 h, the reaction mixture 

was cooled down to rt and the precipitate was collected by filtration. The solid was then washed 

with Et2O (5 × 5 mL) and dried under vacuum to afford the pure product as a solid. 

 

Procedure 2: 5a was prepared according to a modified literature procedure.[4] A mixture of 5f 

(435 mg, 1.0 mmol), sodium methoxide (432 mg, 8.0 mmol) and copper sulfate (37.5 mg, 0.15 

mmol) in anhydrous methanol (5 mL) was refluxed under N2 for 24 h. After cooling, solvent was 

evaporated under vacuum and the residue was dissolved in DCM (20 mL). The resulting mixture 

was sequentially washed by H2O (20 mL), sat. aq. NaCl solution (20 mL), then dried over Na2SO4. 

The organic layer was evaporated under vacuum and the residue was purified by column 

chromatography on silica gel using a mixture of pentane and EtOAc as eluent to afford pure 

product 5a in 90% yield as a light-yellow solid. 

 

Procedure 3: 5b was prepared according to a modified literature procedure.[5] 5f (435.0 mg, 1.0 

mmol), 4-methoxyphenylboronic acid (304.0 mg, 2.0 mmol), Pd(PPh3)4 (58.0 mg, 0.05 mmol) 

and K2CO3 (690.0 mg, 5.0 mmol) were added to a mixture of toluene (12 mL), water (7 mL) and 

EtOH (5 mL). The resulting mixture was bubbled with N2 for 10 min and then was heated at 90 

°C for 12 h. After cooling, the organic solvents were removed under vacuum. DCM (20 mL) and 

H2O (15 mL) were added to the residue. The organic layer was separated, and the aqueous layer 

was extracted with DCM (2 × 20 mL). The combined organic layers were dried over Na2SO4 and 

evaporated. The residue was purified by column chromatography on silica gel using a mixture of 

pentane and EtOAc as eluent to afford pure product 5b in 75% yield as a yellow solid. 
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 Synthesis of Phosphinate Substrates 

 

Preparation of phosphinate 1a. 

Procedure 4: To a mixture of alcohols (3.0 mmol, 1.0 eq.) and NEt3 (4.5 mmol, 1.5 eq.) in 20 

mL anhydrous DCM was added diphenylphosphinic chloride (3.6 mmol, 1.2 eq.) dropwise 

followed by the addition of 4-dimethylamino pyridine (0.3 mmol, 0.1 eq.). The reaction mixture 

was stirred at rt overnight. The solvent was then removed under vacuum and the residue was 

purified by flash column chromatography using a mixture of pentane and EtOAc to give the 

desired phosphinates. 

 

One-pot synthesis of phosphinates from α-halogenated ketones 1’’. 

α-Halogenated ketones 1m’’, 1r’’-1s’’, 1y’’-1z’’ are commercially available. Others were easily 

prepared using NXS (X = Cl or Br) according to literature procedures.[6] 

 

Procedure 5: At 0 °C, to a solution of α -halogenated ketone (3.0 mmol, 1.0 eq.) in 20 mL MeOH 

was added NaBH4 (57.0 mg, 0.5 eq.) in 2 portions. The reaction mixture was stirred at 0 °C for 

10 min and at room temperature for 2 h. Solvent was removed under vacuum and 10 mL H2O was 

added to the residue. The resulting mixture was then extracted with DCM (3 × 10 mL). The 

organic layers were dried over Na2SO4 and evaporated. At 0 °C, the residue was treated with 20 

mL anhydrous DCM, NEt3 (4.5 mmol, 1.5 eq.), diphenylphosphinic chloride (3.6 mmol, 1.2 eq.) 

and 4-dimethylamino pyridine (0.3 mmol, 0.1 eq.). The reaction mixture was stirred at room 

temperature overnight. Solvent was removed under vacuum and the residue was purified by flash 

column chromatography using a mixture of pentane and EtOAc to give the desired phosphinates. 

 

Preparation of adamantane-based phosphinate 1al. 

Procedure 6: Prepared according to a literature procedure.[6] At 0 °C, nBuLi (1.6 M in hexane, 

5.5 mmol, 1.1 eq.) was added dropwise to a solution of alcohol (5.0 mmol, 1.0 eq.) in 20 mL 

anhydrous THF under N2 atmosphere. The resulting mixture was stirred at 0 °C for 30 min, 

followed by the addition of diphenylphosphinic chloride (6.0 mmol, 1.2 eq.) was added dropwise. 

Stirring continued for 1 h at 0 °C and then the reaction was allowed to warm to rt and stirred for 

12 h. Afterwards, the mixture was quenched by sat. aq. NH4Cl (10 mL). THF was removed under 

reduced pressure and the resulting mixture was extracted with DCM (3 × 10 mL). The combined 

organic layers were washed with water, dried over anhydrous sodium sulfate and the solvent was 

evaporated under reduced pressure. The residue was purified by column chromatography on silica 

gel using a mixture of pentane and EtOAc as eluent to afford pure product 1al as a white solid. 

One-pot preparation of phosphinates from α-chloro ketones. 
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Procedure 7: At 0 °C, PhMgBr (1.0 M in THF, 5.5 mmol, 1.1 eq.) was added dropwise to a 

solution of α-chloro ketone (5.0 mmol, 1 eq.) in 20 mL anhydrous THF under N2 atmosphere. The 

resulting mixture was stirred at 0 °C for 1 h, followed by the addition of diphenylphosphinic 

chloride (6.0 mmol, 1.2 eq.). Stirring continued for 1 h at 0 °C and then for 12 h at room 

temperature. Afterwards, the mixture was quenched by sat. aq. NH4Cl (10 mL). THF was 

removed under reduced pressure and the resulting mixture was extracted with DCM (3 × 10 mL). 

The combined organic layers were washed with water, dried over anhydrous sodium sulfate and 

the solvent was evaporated under reduced pressure. The residue was purified by column 

chromatography on silica gel using a mixture of pentane and EtOAc as eluent. 

 

One-pot preparation of phosphinate 1aa from epichlorohydrin. 

Procedure 8: At 0 °C, to a solution of PhMgBr (6.0 mmol in 20 mL anhydrous THF, 1.2 eq.) 

was added dropwise epichlorohydrin (5.0 mmol, 1 eq.) under N2 atmosphere. The resulting 

mixture was stirred at 0 °C for 1 h, followed by the addition of diphenylphosphinic chloride (7.5 

mmol, 1.5 eq.). Stirring continued for 1 h at 0 °C and then for 12 h at room temperature. The 

mixture was then quenched by sat. aq. NH4Cl (10 mL). THF was removed under reduced pressure 

and the resulting mixture was extracted with DCM (3 × 10 mL). The combined organic layers 

were washed with water, dried over anhydrous sodium sulfate and the solvent was evaporated 

under reduced pressure. The residue was purified by column chromatography on silica gel using 

a mixture of pentane and EtOAc as eluent to afford product 1aa as a white solid. 

 

One-pot preparation of phosphinates 1ab-1ac from chloroiodomethane. 

Procedure 9: At -78 °C, to a mixture of chloroiodomethane (5.0 mmol, 1 eq.) and aldehyde (5.0 

mmol, 1 eq) in 20 mL anhydrous THF was added dropwise nBuLi (1.6 M in hexane, 5.0 mmol, 

1.0 eq) under N2 atmosphere. The resulting mixture was stirred at -78 °C for 30 min and then was 

allowed to warm to 0 °C for 1 h, followed by the addition of diphenylphosphinic chloride (6.0 

mmol, 1.2 eq). Stirring continued for 1 h at 0 °C and then for 12 h at room temperature. The 

mixture was then quenched by sat. aq. NH4Cl (10 mL). THF was removed under reduced pressure 

and the resulting mixture was extracted with DCM (3 × 10 mL). The combined organic layer was 

washed with water, dried over anhydrous sodium sulfate and the solvent was evaporated under 

reduced pressure. The residue was purified by column chromatography on silica gel using a 

mixture of pentane and EtOAc as eluent to afford the desired product. 

 

Procedure 10: At 0 °C, to a stirred mixture of diol (10.0 mmol, 1.0 eq.) and NEt3 (22.0 mmol, 

2.2 eq.) in 50 mL anhydrous DCM was added dropwise phenylphosphonic dichloride (11.0 mmol, 

1.1 eq.) under N2 atmosphere. The resulting mixture was stirred at 0 °C for 10 min and then at 

room temperature for 12 h. The reaction mixture was washed with water (1 × 40 mL) and sat. aq. 
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NaCl solution (1 × 40 mL), dried over anhydrous sodium sulfate. Solvent was evaporated under 

reduced pressure. The residue was purified by column chromatography on silica gel using a 

mixture of pentane and EtOAc as eluent to afford the desired product 3a as a white solid. 

 

Procedure 11: Electrochemically-mediated Photoredox Catalyzed Phosphinate Reductions 

 

An oven-dried H-Cell was equipped with magnetic stirring bars in both chambers. To the 

cathodic chamber was added substrate 1 (0.2 mmol) and e-PRC catalyst (0.01 mmol), followed 

by the additions of nBu4N.PF6 (232.0 mg) and 4 mL ACN in both chambers (resulting in 0.15 M 

nBu4N.PF6 in ACN as solvent). Both chambers were sealed using rubber septa pierced with wire-

connected electrodes then bubbled with N2 for 10 min. The resulting mixture was stirred at room 

temperature above a water-cooled cooling block under irradiation of 440 nm LED from beneath 

the anodic chamber (Figure S2). A constant potential of −1.6 V was applied across the cell. After 

the specified reaction time, the mixtures in both chambers were transferred into a flask and each 

chamber was washed with DCM (3 x 4 mL), the combined organics were evaporated under 

vacuum. After addition of Et2O (20 mL) to the residue, nBu4N.PF6 was precipitated and removed 

by filtration. The filtrate was concentrated under vacuum and the residue was purified by column 

chromatography on silica gel using pentane or a mixture of pentane and EtOAc as eluent to 

afford pure product 2. 
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 Optimization of Reaction Conditions 

 

Table S 1. Optimization of light wavelength. 

 
Entry Wavelength / nm NMR yield of 2da 

1 400 6% 
2 440 75% 
3 528 trace 
4 740 trace 
5 850 trace 

a Determined by 1H NMR of the crude product using 1,3,5-trimethoxybenzene as an internal standard.  

 

 

Table S 2. Optimization of cathodic material. 

 
Entry Cathode NMR yield of 2da 

1 RVC foam trace 
2 Carbon felt trace 
3 Cu 20% 
4 Fe 75% 

a Determined by 1H NMR of the crude product using 1,3,5-trimethoxybenzene as an internal standard.  

 

 

Table S 3. Optimization of solvent. 

 
Entry Solvent NMR yield of 2da 

1 ACN 75% 
2 DCM n.d. 

a Determined by 1H NMR of the crude product using 1,3,5-trimethoxybenzene as an internal standard. n.d., not detected. 

 

 

 

 

 

5 mol% nBuO-NpMI
nBu4N.PF6 (0.15 M in solvent)

blue LED (440 nm)
rt, N2, 12 h

Fe( ) Zn( )

(0.05 M in MeCN)

O
P Ph

Ph O

Cl

1d 2d
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Table S 4. Optimization of catalyst. 

 
Entry e-PRCat NMR yield of 2da 

1 NpMI n.d. 
2 nBuO-NpMI 75% 
3 5a n.d. 
4 5b n.d. 
5 5c 41% 
6 5d 40% 
7 5e 55% 

a Determined by 1H NMR of the crude product using 1,3,5-trimethoxybenzene as an internal standard. n.d., not detected. 

 

 Photoelectrochemical Isomerism Control Experiments 

 

In order to confirm the photoelectrochemical nature of the stilbene isomerism reaction, we 

subjected commercially available E-2a to the reaction conditions (Table S5). DCA as a catalyst 

gave no isomerism (entry 1), while NpMI gave isomerism marginally favoring Z-2a (entry 2). 

Upon extending the reaction time of this reaction, a 1:10 ratio of E-2a : Z-2a was achieved. The 

absence of light gave no isomerism (entry 3), while absence of potential gave marginal isomerism 

(entry 4). The triplet energy of 3[NpMI]* estimated from the UV-Vis absorption if NpMI and its 

steady-state emission spectra (75.4 kcal mol-1), is higher than E-2a (51.0 kcal mol-1)[8] and Z-2a 

(55.5 kcal mol-1)[8] Therefore triplet-triplet energy transfer (TTET) is highly exergonic in both 

cases and this may lead to less discrimination between the isomers. Moreover, the lifetime of 
3[NpMI]* is only 3 ns. Interestingly, isomerism occurs in the absence of e-PRCat, marginally 

favoring Z-2a (entry 5). However, the ratio did not improve in favor of Z-2a upon running these 

conditions for a longer time and rather seemed to erode the selectivity (entry 6), in contrast to the 

enhancing effect of extending reaction time in the presence of NpMI (entry 3). The mechanism 

by which this catalyst-free photoelectrochemical isomerism occurs is currently elusive, but the 

addition of DCA catalyst clearly inhibits this mechanism (entry 1) and the reaction requires 

applied potential (entries 7-8). nBuO-NpMI as an e-PRCat (entry 9) gave a similar result to NpMI 

(entry 3) Finally, a reaction was performed using 365 nm (entry 5). While this gave some 

isomerism, similar to entry 5, selectivity for the Z-isomer was lower than when 440 nm light was 

used. 

 

 

 

5 mol% e-PRCat
nBu4N.PF6 (0.15 M in solvent)

blue LED (440 nm)
rt, N2, 12 h

Fe( ) Zn( )

(0.05 M in MeCN)

O
P Ph

Ph O

Cl

1d 2d
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Table S 5. Photoelectrochemical isomerism. 

 

Entry e-PRCat λ (nm) Electrolyte Potential (V) Time (h) 
E-/Z- Ratioa 

E-2a Z-2a 
1 DCA 440 nBu4N.PF6

 - 10 100 n.d. 
2 NpMI 440 nBu4N.PF6 −1.6 10 35 65 
3 NpMI 440 nBu4N.PF6

 −1.6 36 9 91 
3 NpMI - nBu4N.PF6 −1.6 10 100 n.d. 
4 NpMI 440 nBu4N.PF6 - 10 71 29 
5 - 440 nBu4N.PF6 −1.6 10 33 67 
6 - 440 nBu4N.PF6 −1.6 36 40 60 
7 - 440 nBu4N.PF6 - 10 97 3 
8 - 440 - - 10 96 4 
9 nBuO-NpMI 440 nBu4N.PF6

 −1.6 36 12 88 

aE-/Z- Ratio was determined by 1H NMR of the crude product 
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 Characterization of Catalysts 

 

2-(4-butoxyphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (nBuO-NpMI): 

According to General Procedure 1. Yield: 1.54 g, 89%; light grey solid, m.p. 191 

°C; 1H NMR (400 MHz, CDCl3) δ 8.70 (dd, J = 0.8, 7.2 Hz, 2H), 8.31 (dd, J = 

0.8, 8.4 Hz, 2H), 7.87-7.80 (m, 2H), 7.30-7.24 (m, 2H), 7.12-7.08 (m, 2H), 4.08 (t, 

J = 6.4 Hz, 2H), 1.90-1.82 (m, 2H), 1.63-1.52 (m, 2H), 1.05 (t, J = 7.2 Hz, 3H) 

ppm; 13C NMR (100 MHz, CDCl3) δ 164.6, 159.2, 134.2, 131.8, 131.6, 129.5, 128.5, 127.7, 

127.0, 122.9, 115.3, 67.9, 31.3, 19.3, 13.9 ppm; HRMS (ESI) (m/z) [M+H]+ C22H20NO3 calcd. 

for 346.1438, found 346.1443. 

 

2-(2,6-diisopropylphenyl)-6-methoxy-1H-benzo[de]isoquinoline - 1,3(2H)-

dione (5a): According to Procedure 2. Yield: 348 mg, 90%; light yellow solid, 

m.p. 253-255 °C; 1H NMR (400 MHz, CDCl3) δ 8.70-8.61 (m, 3H), 7.79-7.73 (m, 

1H), 7.49-7.43 (m, 1H), 7.33 (d, J = 7.6 Hz, 2H), 7.10 (d, J = 8.0 Hz, 1H), 4.16 (s, 

3H), 2.76 (hept, J = 6.4 Hz, 2H), 1.16 (dd, J = 6.8, 1.2 Hz, 12H) ppm; 13C NMR 

(100 MHz, CDCl3) δ 164.6, 164.0, 161.1, 145.8, 134.0, 132.1, 131.2, 130.1, 129.4, 129.0, 126.1, 

124.0, 123.8, 122.6, 115.2, 105.3, 56.4, 29.1, 24.0 ppm; HRMS (ESI) (m/z) [M+H]+ C25H26NO3 

calcd. for 388.1907, found 388.1914.  

 

2-(2,6-diisopropylphenyl)-6-(4-methoxyphenyl)-1H - benzo[de]isoquinoline-

1,3(2H)-dione (5b): According to Procedure 3. Yield: 347 g, 75%; yellow solid, 

m.p. 216-217 °C; 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 7.6 Hz, 2H), 8.17 (d, 

J = 8.4 Hz, 1H), 7.57-7.48 (m, 2H), 7.30-7.22 (m, 3H), 7.12 (d, J = 7.6 Hz, 2H), 

6.89 (d, J = 8.4 Hz, 2H), 3.71 (s, 3H), 2.56 (hept, J = 6.4 Hz, 2H), 0.95 (d, J = 6.4, 

12H) ppm; 13C NMR (100 MHz, CDCl3) δ 164.4, 164.2, 160.0, 147.1, 145.7, 

133.1, 131.7, 131.4, 131.2 (one carbon was overlapped), 130.9, 130.5, 129.50, 129.45, 127.9, 

126.8, 124.0, 123.0, 121.4, 114.3, 55.5, 29.2, 24.0 ppm; HRMS (ESI) (m/z) [M+H]+ C31H30NO3 

calcd. for 464.2220, found 464.2224.  

 

2-(3,4,5-trimethoxyphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5c): 

According to Procedure 1. Yield: 1.55 g, 85%; grey solid, m.p. > 300°C; 1H 

NMR (400 MHz, CDCl3) δ 8.66 (dd, J = 7.2, 0.8 Hz, 2H), 8.28 (dd, J = 8.0, 0.8 

Hz, 2H), 7.80 (dd, J = 8.0, 7.6 Hz, 2H), 6.55 (s, 2H), 3.92 (s, 3H), 3.86 (s, 6H) 

ppm; 13C NMR (100 MHz, CDCl3) δ 164.5, 153.9, 138.1, 134.4, 131.8, 131.7, 
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131.1, 128.5, 127.1, 122.8, 105.9, 60.9, 56.1 ppm; HRMS (ESI) (m/z) [M+H]+ C21H18NO5 calcd. 

for 364.1179, found 364.1183. Data are consistent with the literature.[9] 

 

2-(2,6-dimethylphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5d): 

According to Procedure 1. Yield: 1.16 g, 77%; light brown solid, m.p. 227-229 °C; 
1H NMR (400 MHz, CDCl3) δ 8.68 (dd, J = 7.2, 0.8 Hz, 2H), 8.30 (dd, J = 8.4, 0.8 

Hz, 2H) ppm, 7.81 (dd, J = 8.0, 7.2 Hz, 2H), 7.32-7.27 (m, 1H), 7.25-7.21 (m, 2H), 

2.16 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3) δ 163.5, 135.6, 134.4, 134.0, 131.9, 131.7, 128.9, 

128.8, 128.6, 127.1, 122.8, 17.9 ppm; HRMS (ESI) (m/z) [M+H]+ C20H16NO2 calcd. for 

302.1176, found 302.1182.  

 

2-(2,6-diethylphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5e): According 

to Procedure 1. Yield: 1.17 g, 71%; light brown solid, m.p. 225-226 °C; 1H NMR 

(400 MHz, CDCl3) δ 8.67 (dd, J = 7.2, 0.8 Hz, 2H), 8.30 (dd, J = 8.4, 0.8 Hz, 2H), 

7.82 (dd, J = 8.0, 7.2 Hz, 2H), 7.42 (t, J = 7.6 Hz, 1H), 7.29 (d, J = 7.6 Hz, 2H), 2.48 

(q, J = 7.6 Hz, 4H), 1.15 (t, J = 7.6 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3) δ 164.1, 140.9, 

134.3, 132.8, 131.9, 131.7, 129.2, 128.9, 127.1, 126.5, 122.8, 24.3, 14.0 ppm; HRMS (ESI) (m/z) 

[M+H]+ C22H20NO2 calcd. for 330.1489, found 330.1491. Data are consistent with the 

literature.[10] 

 

2-phenyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (N-Ph NpMI): According to 

Procedure 1. Yield: 821 mg, 60%; pale brown solid, m.p. 199 °C; 1H NMR (400 MHz, 

CDCl3) δ 8.65 (dd, J = 0.8, 7.2 Hz, 2H), 8.31 (dd, J = 0.8, 8.4 Hz, 2H), 7.82-7.75 (m, 

2H), 7.59-7.53 (m, 2H), 7.52-7.46 (m, 1H), 7.36-7.30 (m, 2H) ppm; 13C NMR (100 

MHz, CDCl3) δ 164.5, 135.6, 134.4, 131.9, 131.7, 129.5, 128.82, 128.76, 128.66, 127.2, 123.0 

ppm. 1H and 13C data are consistent with the literature: H. J. Kim, J. Kim, S. H. Cho, S. Chang, J. 

Am. Chem. Soc. 2011, 133, 16382–16385. 
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 Characterization of Phosphinate Substrates 

 

2-chloro-1,2-diphenylethyl diphenylphosphinate (1a): According to Procedure 5. 

Yield: 926.0 mg, 71%; dr > 30:1; white solid, m.p. 164-165 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.50-7.39 (m, 5H), 7.35-7.23 (m, 8H), 7.22-7.11 (m, 7H), 5.70 (dd, J = 9.2, 

6.8 Hz, 1H), 5.25 (d, J = 6.8 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 137.4, 136.3 (d, JC-P 

= 2.1 Hz), 132.1 (d, JC-P = 2.7 Hz), 132.0 (d, JC-P = 2.8 Hz), 131.7 (d, JC-P = 10.4 Hz), 131.44 (d, 

JC-P = 10.5 Hz), 131.40 (d, JC-P = 137.6 Hz), 131.0 (d, JC-P = 133.0 Hz), 128.7, 128.6, 128.4, 128.3 

(d, JC-P = 13.4 Hz), 128.13, 128.09 (d, JC-P = 13.2 Hz), 127.8, 80.1 (d, JC-P = 5.7 Hz), 65.6 (d, JC-

P = 6.6 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 33.6 ppm; HRMS (ESI) (m/z) [M+H]+ 

C26H23
35ClO2P calcd. for 433.1119, found 433.1122. Data are consistent with the literature[11] 

 

2-chloro-2-phenyl-1-(p-tolyl)ethyl diphenylphosphinate (1b): According to 

Procedure 5. Yield: 1.10 g, 82%; two diastereomers, dr = 10:1; white solid, m.p. 

127-128 °C; 1H NMR (400 MHz, CDCl3) δ 7.92-7.76 (m, 2H), 7.62-7.42 (m, 

5H), 7.39-7.33 (m, 1H), 7.27-7.17 (m, 3H), 7.14-7.03 (m, 3H), 7.02-6.93 (m, 5H), 5.76-5.72 (m, 

0.1H, the minor isomer), 5.70-5.63 (m, 0.9H, the major isomer), 5.35-5.28 (m, 0.9H, the major 

isomer), 5.28-5.23 (m, 0.1H, the minor isomer), 2.28 (s, 0.27H, the minor isomer), 2.24 (s, 2.71H, 

the major isomer) ppm; 13C NMR (100 MHz, CDCl3) (not possible to assign every peak) δ 

138.31, 136.22, 136.20, 133.60, 132.24, 132.22, 131.99, 131.96, 131.85, 131.79, 131.69, 128.77, 

128.52, 128.48, 128.45, 128.39, 128.20, 128.17, 128.07, 127.94, 127.80, 80.74, 80.68, 77.46, 

77.14, 76.82, 65.78, 65.72, 21.17 ppm; 31P NMR (162 MHz, CDCl3) δ 33.6 (0.1P, the minor 

isomer), 33.3 (0.9P, the major isomer) ppm; HRMS (ESI) (m/z) [M+H]+ C27H25
35ClO2P calcd. 

for 447.1275, found 447.1281. 

 

2,2-dichloro-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethyl diphenyl 

phosphinate (1c) According to Procedure 5. Yield: 1.06 g, 65%; two 

diastereomers, dr = 3:1, white solid, m.p. 108-110 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.88-7.57 (m, 4H), 7.55-7.30 (m, 7H), 7.29-6.98 (m, 8H), 5.83 (dd, J = 9.2, 6.8 Hz, 

0.25H, the minor isomer), 5.71 (dd, J = 9.2, 6.8 Hz, 0.75H, the major isomer), 5.46 (d, J = 6.8 Hz, 

0.75H, the major isomer), 5.33 (d, J = 6.8 Hz, 0.25H, the minor isomer) ppm; 13C NMR (100 

MHz, CDCl3) (not possible to assign every peak) δ 141.39, 140.29, 136.05, 135.33, 135.30, 

132.40, 132.38, 132.26, 132.23, 132.20, 132.17, 132.10, 132.06, 131.92, 131.82, 131.68, 131.57, 

131.46, 131.34, 131.26, 131.16, 130.71, 130.38, 130.01, 129.19, 129.01, 128.98, 128.80, 128.61, 

128.47, 128.39, 128.32, 128.26, 128.21, 128.19, 128.08, 128.03, 127.91, 127.83, 125.33, 125.29, 

125.19, 124.93, 124.89, 124.86, 124.82, 122.49, 80.17, 80.11, 79.74, 79.69, 64.45, 64.40 ppm; 
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31P NMR (162 MHz, CDCl3) δ 34.4 (0.33P, the minor isomer), 34.0 (1P, the major isomer) ppm; 
19F NMR (377 MHz, CDCl3) δ -63.1 (0.33F, the minor isomer), -63.2 (1F, the minor isomer) 

ppm; HRMS (ESI) (m/z) [M+H]+ C27H22
35ClF3O2P calcd. for 501.0993, found 501.0998.  

 

6-chloro-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-yl diphenylphosphinate 

(1d): According to Procedure 5. Yield: 1.01 g, 85%; two diastereomers, dr = 20:1; 

white solid, m.p. 118-119 °C; 1H NMR (400 MHz, CDCl3) δ 7.75-7.63 (m, 2H), 

7.52-7.38 (m, 2H), 7.37-7.30 (m, 1H), 7.30-7.23 (m, 2H), 7.22-7.15 (m, 1H), 7.13-

6.98 (m, 3H), 6.96-6.86 (m, 2H), 6.82-6.75 (m, 1H), 5.60 (d, J = 8.4 Hz, 1H), 4.53-4.05 (m, 1H), 

2.94-2.64 (m, 1H), 2.45-2.33 (m, 1H), 2.32-2.15 (m, 1H), 2.13-2.00 (m, 1H), 1.75-1.54 (m, 1H), 

1.49-1.29 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) (not possible to assign every peak) δ 

135.70, 132.52, 132.33, 132.30, 132.07, 131.98, 131.88, 131.72, 131.70, 131.61, 131.60, 131.44, 

131.34, 131.14, 130.63, 129.86, 129.75, 128.69, 128.62, 128.49, 128.36, 128.22, 126.23, 81.18, 

79.11, 77.47, 77.15, 76.83, 63.19, 36.55, 34.86 ppm; 31P NMR (162 MHz, CDCl3) δ 33.4 (1P, 

the major isomer), 31.9 (0.05P, the minor isomer) ppm; HRMS (ESI) (m/z) [M+H]+ 

C23H23
35ClO2P calcd. for 397.1119, found 397.1123.  

 

2-chloro-1,2,3,4-tetrahydronaphthalen-1-yl diphenylphosphinate (1e): 

According to Procedure 5. Yield: 982.0 mg, 81%; dr > 30/1; white solid, m.p. 149-

151 °C; 1H NMR (400 MHz, CDCl3) δ 7.80-7.66 (m, 2H), 7.64-7.53 (m, 2H), 7.36-

7.22 (m, 4H), 7.22-7.12 (m, 3H), 7.01-6.93 (m, 1H), 6.92-6.82 (m, 2H), 5.54 (d, J = 

6.0 Hz, 1H), 4.31-4.18 (m, 1H), 3.03-2.87 (m, 1H), 2.69-2.54 (m, 1H), 2.26-2.12 (m, 1H), 2.04-

1.93 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 135.2, 132.9 (d, JC-P = 3.7 Hz), 132.03 (d, JC-

P = 136.2 Hz), 131.93 (d, JC-P = 137.6 Hz), 132.24 (d, JC-P = 13.0 Hz), 132.22 (d, JC-P = 12.9 Hz), 

131.89 (d, JC-P = 10.6 Hz), 131.77 (d, JC-P = 10.3 Hz), 129.1, 128.55, 128.52, 128.41, 128.38, 

126.3, 73.6 (d, JC-P = 5.7 Hz), 59.3 (d, JC-P = 2.7 Hz), 27.9, 26.1 ppm; 31P NMR (162 MHz, 

CDCl3) δ 33.4 ppm; HRMS (ESI) (m/z) [M+H]+ C22H20
35ClNaO2P calcd. for 405.0782, found 

405.0779.  

 

2-chloro-2,3-dihydro-1H-inden-1-yl diphenylphosphinate (1f): According to 

Procedure 5. Yield: 883.0 mg, 80%; dr > 30:1; white solid, m.p. 102-105 °C; 1H 

NMR (400 MHz, CDCl3) δ 8.02-7.91 (m, 2H), 7.90-7.81 (m, 2H), 7.57-7.40 (m, 

6H), 7.37 (d, J = 7.6 Hz, 1H), 7.31-7.26 (m, 1H), 7.24-7.16 (m, 2H), 5.80 (dd, J = 8.8, 5.2 Hz, 

1H), 4.64-4.58 (m, 1H), 3.32 (d, J = 5.2 Hz, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 139.4, 

138.6 (d, JC-P = 3.7 Hz), 132.4 (d, JC-P = 2.8 Hz), 132.3 (d, JC-P = 2.8 Hz), 132.1 (d, JC-P = 10.4 

Hz), 131.8 (d, JC-P = 10.1 Hz), 131.7 (d, JC-P = 137.8 Hz), 131.6 (d, JC-P = 134.7 Hz), 129.4, 128.6 
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(d, JC-P = 3.4 Hz), 128.5 (d, JC-P = 3.4 Hz), 127.5, 125.9, 124.8, 77.8 (d, JC-P = 5.7 Hz), 61.7 (d, 

JC-P = 4.6 Hz), 40.2 ppm; 31P NMR (162 MHz, CDCl3) δ 33.5 ppm; HRMS (ESI) (m/z) [M+H]+ 

C21H19
35ClO2P calcd. for 369.0806, found 369.0811.  

 

2-chloro-1-phenylcyclohexyl diphenylphosphinate (1g): According to 

Procedure 7. Yield: 1.88 g, 87%; dr > 30:1; white solid, m.p. 180 °C; 1H NMR 

(400 MHz, CDCl3) δ 7.83-7.75 (m, 2H), 7.69-7.61 (m, 2H), 7.47-7.34 (m, 6H), 

7.33-7.26 (m, 2H), 7.17-7.08 (m, 3H), 4.85-4.72 (m, 1H), 2.88-2.76 (m, 1H), 2.52-2.43 (m, 1H), 

2.08-1.98 (m, 1H), 1.91-1.73 (m, 2H), 1.63-1.51 (m, 1H), 1.51-1.33 (m, 2H) ppm; 13C NMR (100 

MHz, CDCl3) δ 139.4, 134.2 (d, JC-P = 138.7 Hz), 134.0 (d, JC-P = 137.8 Hz), 131.52, 131.51 (d, 

JC-P = 2.8 Hz), 131.47 (d, JC-P = 10.2 Hz), 131.37 (d, JC-P = 2.8 Hz), 131.34 (d, JC-P = 10.3 Hz), 

128.25 (d, JC-P = 10.0 Hz), 128.17, 128.11 (d, JC-P = 10.2 Hz), 128.02, 127.28, 86.9 (d, JC-P = 8.6 

Hz), 66.9 (d, JC-P = 6.8 Hz), 34.0, 32.0, 22.2, 22.0 ppm; 31P NMR (162 MHz, CDCl3) δ 28.0 ppm; 

HRMS (ESI) (m/z) [M+H]+ C24H24
35ClNaO2P calcd. for 433.1095, found 433.1096.  

 

(1S,2R,3R,4R)-3-chloro-2-phenylbicyclo[2.2.1]heptan-2-yl diphenyl- 

phosphinate (1h): According to Procedure 7. Yield: 1.58 g, 71%; dr > 30:1; 

colorless oil; NEt3δ 7.80-7.72 (m, 2H), 7.34-7.24 (m, 5H), 7.20-7.13 (m, 2H), 7.08-

7.01 (m, 1H), 6.96-6.88 (m, 2H), 6.87-6.78 (m, 3H), 4.18-4.08 (m, 1H), 3.68 (d, J = 3.2 Hz, 1H), 

2.44-2.32 (m, 2H), 1.56-1.41(m, 2H), 1.35-1.27 (m, 1H), 1.25-1.17 (m, 1H), 1.06-0.96 (m, 1H) 

ppm; 13C NMR (100 MHz, CDCl3) δ 136.3 (d, JC-P = 2.0 Hz), 134.6 (d, JC-P = 179.9 Hz), 133.2 

(d, JC-P = 167.7 Hz), 131.4 (d, JC-P = 2.8 Hz), 131.3 (d, JC-P = 10.5 Hz), 131.0 (d, JC-P = 10.0 Hz), 

130.5 (d, JC-P = 2.8 Hz), 130.0, 128.5, 128.3 (d, JC-P = 13.3 Hz), 127.7, 127.4 (d, JC-P = 13.3 Hz), 

91.7 (d, JC-P = 7.7 Hz), 71.6 (d, JC-P = 7.2 Hz), 47.0 (d, JC-P = 1.8 Hz), 34.8, 28.6, 22.8 ppm; 31P 

NMR (162 MHz, CDCl3) δ 26.4 ppm; HRMS (ESI) (m/z) [M+H]+ C25H24
35ClNaO2P calcd for 

445.1095, found 445.1091.  

 

1-([1,1'-biphenyl]-4-yl)-2-chloropropyl diphenylphosphinate (1j): According 

to Procedure 5. Yield: 963.0 mg, 72%; two diastereomers, dr = 20:1 white solid, 

m.p. 116-117 °C; 1H NMR (400 MHz, CDCl3) δ 7.70 (dd, J = 7.6, 12.0 Hz, 2H), 

7.42 (dd, J = 8.0, 12.4 Hz, 2H), 7.38-7.32 (m, 3H), 7.32-7.21 (m, 6H), 7.21-7.12 

(m, 4H), 7.09-7.02 (m, 2H), 5.25 (dd, J = 6.4, 8.8 Hz, 1H), 4.32-4.21 (m, 1H), 1.38 (d, J = 6.4 

Hz, 0.14H, the minor isomer), 1.24 (d, J = 6.4 Hz, 2.86H, the major isomer) ppm; 13C NMR (100 

MHz, CDCl3) δ 141.5, 140.5, 135.6 (d, JC-P = 2.2 Hz), 132.3 (d, JC-P = 2.6 Hz), 132.02 (d, JC-P = 

2.6 Hz), 131.99 (d, JC-P = 14.2 Hz), 131.7 (d, JC-P = 10.3 Hz), 130.7 (d, JC-P = 48.5 Hz), 128.8, 

128.5 (d, JC-P = 13.3 Hz), 128.2 (d, JC-P = 13.2 Hz), 128.1, 127.54, 127.48 (d, JC-P = 145.7 Hz), 
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127.1, 126.9, 80.4 (d, JC-P = 5.6 Hz), 59.6 (d, JC-P = 5.5 Hz), 20.7 ppm; 31P NMR (162 MHz, 

CDCl3) δ 33.2 ppm; HRMS (ESI) (m/z) [M+H]+ C27H25
35ClO2P calcd. for 447.1275, found 

447.1269.  

 

(E)-4-(prop-1-en-1-yl)phenyl benzoate (1k): According to Procedure 5. 

Yield: 1.13 g, 77%; two diastereomers, dr = 12:1; white solid, m.p. 139-140 

°C; 1H NMR (400 MHz, CDCl3) δ 8.17-8.07 (m, 2H), 7.85-7.75 (m, 2H), 

7.60-7.50 (m, 3H), 7.50-7.32 (m, 6H), 7.30-7.20 (m, 4H), 7.06 (d, J = 8.8 

Hz, 2H), 5.36 (d, J = 9.2, 5.6 Hz, 1H), 4.42-4.32 (m, 1H), 1.48 (d, J = 6.8 Hz, 0.23H, the minor 

isomer), 1.36 (d, J = 6.8 Hz, 2.77H, the major isomer) ppm; 13C NMR (100 MHz, CDCl3) δ 

164.9, 151.1, 134.2 (d, JC-P = 2.8 Hz), 133.7, 132.4 (d, JC-P = 2.8 Hz), 132.23 (d, JC-P = 2.7 Hz), 

131.89 (d, JC-P = 10.4 Hz), 131.61 (d, JC-P = 10.3 Hz), 131.44 (d, JC-P = 139.3 Hz), 130.77 (d, JC-

P = 133.1 Hz), 130.2, 129.4, 128.8, 128.65, 128.56 (d, JC-P = 13.5 Hz), 128.33 (d, JC-P = 13.1 Hz), 

121.5, 79.9 (d, JC-P = 5.7 Hz), 59.4 (d, JC-P = 5.2 Hz), 20.5 ppm; 31P NMR (162 MHz, CDCl3) δ 

33.5 ppm; HRMS (ESI) (m/z) [M+H]+ C28H25ClO4P calcd for 491.1173, found 491.1171.  

 

2-chloro-1-(4-methoxyphenyl)propyl diphenylphosphinate (1l): According 

to Procedure 5. Yield: 1.09 g, 86%; two diastereomers, dr = 9:1; colorless oil; 
1H NMR (400 MHz, CDCl3) δ 7.88-7.81 (m, 2H), 7.62-7.56 (m, 2H), 7.54-7.51 

(m, 1H), 7.49-7.43 (m, 2H), 7.42-7.37 (m, 1H), 7.33-7.22 (m, 3H), 7.22-7.12 (m, 2H), 6.80-6.75 

(m, 1.8H, the major isomer), 6.73-6.70 (m, 0.2H, the minor isomer), 5.57 (dd, J = 9.6, 4.0 Hz, 

0.1H, the minor isomer), 5.32 (dd, J = 9.2, 6.4 Hz, 0.9H, the major isomer), 4.45-4.35 (m, 1H), 

3.86 (s, 0.3H, the minor isomer), 3.77 (s, 2.7H, the major isomer), 1.51 (d, J = 6.8 Hz, 0.27H), 

1.35 (d, J = 6.4 Hz, 2.7H, the major isomer) ppm; 13C NMR (100 MHz, CDCl3) peaks of the 

major isomer δ 156.8, 132.2 (d, JC-P = 2.8 Hz), 131.94 (d, JC-P = 2.8 Hz), 131.89 (d, JC-P = 10.3 

Hz), 131.70 (d, JC-P = 138.8 Hz), 131.65 (d, JC-P = 10.3 Hz), 131.20 (d, JC-P = 135.6 Hz), 128.9, 

128.5 (d, JC-P = 13.3 Hz), 128.1 (d, JC-P = 13.3 Hz), 113.6, 80.5 (d, JC-P = 5.8 Hz), 59.7 (d, JC-P = 

5.7 Hz), 55.3, 20.6 ppm; 31P NMR (162 MHz, CDCl3) δ 32.9 (0.1P, the minor isomer), 32.8 

(1.0P, the major isomer) ppm; HRMS (ESI) (m/z) [M+H]+ C22H22
35ClNaO3P calcd. for 423.0887, 

found 423.0887.  

 

2-chloro-1-(4-methoxyphenyl)ethyl diphenylphosphinate (1m): According to 

Procedure 5. Yield: 961.0 mg, 83%; colorless oil; 1H NMR (300 MHz, CDCl3) 

δ 7.94-7.86 (m, 2H), 7.75-7.67 (m, 2H), 7.62-7.56 (m, 1H), 7.54-7.47 (m, 3H), 

7.42-7.35 (m, 2H), 7.30-7.24 (m, 2H), 6.91-6.84 (m, 2H), 5.51 (dt, J = 9.3, 3.3 Hz, 1H), 4.03 (dd, 

J = 8.4, 4.5 Hz, 1H), 3.85 (dd, J = 8.4, 4.5 Hz, 1H), 3.84 (s, 3H) ppm; 13C NMR (100 MHz, 
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CDCl3) δ 159.9, 132.3 (d, JC-P = 2.9 Hz), 132.14 (d, JC-P = 2.8 Hz), 132.06 (d, JC-P = 150.2 Hz), 

131.9 (d, JC-P = 10.3 Hz), 131.62 (d, JC-P = 10.3 Hz), 130.7 (d, JC-P = 146.8 Hz), 129.5 (d, JC-P = 

3.6 Hz), 128.5 (d, JC-P = 13.3 Hz), 128.31 (d, JC-P = 13.1 Hz), 128.27, 113.9, 76.6 (d, JC-P = 5.6 

Hz), 55.3, 47.8 (d, JC-P = 5.0 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 33.1 ppm; HRMS (ESI) 

(m/z) [M+Na]+ C21H20
35ClO3PNa calcd. for 409.0736, found 409.0727. 

 

2-chloro-1-(3-(trifluoromethyl)phenyl)propyl diphenylphosphinate (1n): 

According to Procedure 5. Yield: 972.0 mg, 74%; two diastereomers, dr = 20:1; 

white solid, m.p. 72-74 °C; 1H NMR (300 MHz, CDCl3) δ 7.92-7.82 (m, 2H), 

7.61-7.44 (m, 8H), 7.42-7.32 (m, 2H), 7.29-7.20 (m, 2H), 5.55-5.46 (m, 1H), 

4.44-4.33 (m, 1H), 1.54 (d, J = 6.9 Hz, 0.14H), 1.42 (d, J = 6.9 Hz, 2.86H) ppm; 13C NMR (100 

MHz, CDCl3) (not possible to assign every peak) δ 137.71, 137.69, 132.54, 132.51, 132.28, 

132.26, 131.75, 131.65, 131.61, 131.51, 131.03, 128.33, 128.20, 127.87, 125.43, 125.39, 125.16, 

124.35, 124.31, 124.27, 122.45, 119.75, 79.21, 79.16, 77.38, 77.07, 76.75, 59.18, 59.12, 20.56 

ppm; 31P NMR (121 MHz, CDCl3) δ 33.8 (1P, the major isomer), 32.2 (0.05P, the minor isomer) 

ppm; 19F NMR (282 MHz, CDCl3) δ -63.2 ppm; HRMS (ESI) (m/z) [M+H]+ C22H20
35ClF3O2P 

calcd for 439.0836, found 439.0841. 

 

According to Procedure 5. Yield: 957.0 mg, 79%; two diastereomers, dr = 18:1; 

colorless oil; 1H NMR (400 MHz, CDCl3) δ 8.02-7.92 (m, 2H), 7.73-7.66 (m, 2H), 

7.65-7.60 (m, 1H), 7.59-7.53 (m, 2H), 7.51-7.45 (m, 1H), 7.40-7.33 (m, 3H), 7.32-

7.27 (m, 1H), 7.27-7.22 (m, 2H), 4.51-4.42 (m, 1H), 1.61 (d, J = 6.4 Hz, 0.16H, the 

minor isomer), 1.49 (d, J = 6.4 Hz, 2.86H, the major isomer) ppm; 13C NMR (100 MHz, CDCl3) 

peaks of the major isomer δ 138.6 (d, JC-P = 2.5 Hz), 134.1, 132.5 (d, JC-P = 2.7 Hz), 132.3 (d, JC-

P = 2.8 Hz), 131.8 (d, JC-P = 10.5 Hz), 131.6 (d, JC-P = 10.4 Hz), 131.2 (d, JC-P = 139.0 Hz), 130.7 

(d, JC-P = 133.1 Hz), 129.5, 128.8, 128.6 (d, JC-P = 13.3 Hz), 128.3 (d, JC-P = 13.2 Hz), 127.6, 

125.8, 79.4 (d, JC-P = 5.6 Hz), 59.2 (d, JC-P = 5.6 Hz), 20.6 ppm; 31P NMR (162 MHz, CDCl3) δ 

33.6 ppm; HRMS (ESI) (m/z) [M+H]+ C21H20
35Cl2O2P calcd. for 405.0572, found 405.0572. 

 

2-chloro-1-(4-chlorophenyl)propyl diphenylphosphinate (1p): According to 

Procedure 5. Yield: 994.0 mg, 82%; two diastereomers, dr = 20:1; white solid, 

m.p. 96-98 °C; 1H NMR (400 MHz, CDCl3) δ 7.94-7.85 (m, 2H), 7.67-7.64 (m, 

1H), 7.64-7.61 (m, 1H), 7.61-7.55 (m, 1H), 7.54-7.42 (m, 3H), 7.35-7.29 (m, 2H), 

7.27-7.25 (m, 4H), 5.42 (dd, J = 9.2, 5.6 Hz, 1H), 4.46-4.38 (m, 1H), 1.55 (d, J = 6.8 Hz, 0.14H, 

the minor isomer), 1.42 (d, J = 6.8 Hz, 2.8H, the major isomer) ppm; 13C NMR (100 MHz, 

CDCl3) peaks of the major isomer δ 135.1 (d, JC-P = 2.6 Hz), 134.6, 132.4 (d, JC-P = 2.8 Hz), 132.2 
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(d, JC-P = 2.7 Hz), 131.77 (d, JC-P = 10.4 Hz), 131.59 (d, JC-P = 10.3 Hz), 131.25 (d, JC-P = 138.7 

Hz), 130.83 (d, JC-P = 133.5 Hz), 128.9, 128.6 (d, JC-P = 13.4 Hz), 128.4, 128.3 (d, JC-P = 14.0 Hz), 

79.6 (d, JC-P = 5.6 Hz), 59.3 (d, JC-P = 5.5 Hz), 20.4 ppm; 31P NMR (162 MHz, CDCl3) δ 33.5 

ppm; HRMS (ESI) (m/z) [M+H]+ C21H20
35Cl2O2P calcd. for 405.0572, found 405.0573. 

 

2-chloro-1-(4-chlorophenyl)-2-phenylethyl diphenylphosphinate (1q): 

According to Procedure 5. Yield: 932.0 mg, 67%; two diastereomers, dr = 1.2:1; 

colorless oil; two diastereomers, dr = 1.2/1; 1H NMR (400 MHz, CDCl3) δ 7.85-

7.74 (m, 1H), 7.60-7.41 (m, 5H), 7.39-7.31 (m, 2H), 7.29-7.20 (m, 5H), 7.16-

7.10 (m, 2H), 7.09-7.04 (m, 2H), 7.03-6.98 (m, 1H), 6.89-6.85 (m, 1H), 5.68-5.58 (m, 1H), 5.28 

(d, J = 7.6 Hz, 0.45H, the minor isomer), 5.23 (d, J = 6.4 Hz, 0.55H, the major isomer) ppm; 13C 

NMR (100 MHz, CDCl3) (difficult to assign every peak) δ 137.0 (the major isomer), 136.1 (the 

minor isomer), 134.83, 134.80, 134.60, 134.40, 132.42, 132.40, 132.29, 132.26, 132.21, 132.18, 

132.15, 131.85, 131.75, 131.73, 131.72, 131.63, 131.62, 131.55, 131.50, 131.40, 130.69, 130.50, 

130.38, 130.21, 129.93, 129.51, 129.24, 128.86, 128.70, 128.59, 128.49, 128.46, 128.36, 128.34, 

128.30, 128.21, 128.17, 128.06, 128.01, 127.34, 79.9 (d, JC-P = 5.8 Hz, the minor isomer), 79.3 

(d, JC-P = 5.7 Hz, the major isomer), 65.44 (d, JC-P = 6.8 Hz, the minor isomer), 65.37 (d, JC-P = 

7.4 Hz, the major isomer) ppm; 31P NMR (162 MHz, CDCl3) δ 33.90 (1P, the major isomer), 

33.70 (0.83P, the minor isomer) ppm; HRMS (ESI) (m/z) [M+H]+ C26H22
35Cl2O2P calcd. for 

467.0729, found 467.0732. 

 

2-bromo-1-(4-bromophenyl)propyl diphenylphosphinate (1r): According to 

Procedure 5. Yield: 1.15 g, 78%; dr > 30:1; colorless oil; 1H NMR (400 MHz, 

CDCl3) δ 7.80-7.72 (m, 2H), 7.53-7.42 (m, 2H), 7.40-7.28 (m, 3H), 7.29-7.23 

(m, 2H), 7.22-7.16 (m, 2H), 7.10-7.00 (m, 2H), 5.29 (dd, J = 9.2, 6.0 Hz, 1H), 

4.37-4.29 (m, 1H), 1.48 (d, J = 6.8, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 135.8 (d, JC-P = 2.6 

Hz), 132.4 (d, JC-P = 2.9 Hz), 132.2 (d, JC-P = 2.7 Hz), 131.8 (d, JC-P = 10.4 Hz), 131.6 (d, JC-P = 

10.4 Hz), 131.3, 131.2 (d, JC-P = 138.6 Hz), 130.8 (d, JC-P = 133.5 Hz), 129.2, 128.6 (d, JC-P = 13.4 

Hz), 128.3 (d, JC-P = 13.2 Hz), 122.8, 79.6 (d, JC-P = 5.6 Hz), 51.0 (d, JC-P = 5.7 Hz), 21.5 ppm; 
31P NMR (162 MHz, CDCl3) δ 33.4 ppm; HRMS (ESI) (m/z) [M+H]+ C21H20

79Br2O2P calcd. for 

492.9562, found 492.9564. 

 

2-bromo-1-(4-((diphenylphosphoryl)oxy)phenyl)ethyl diphenyl-

phosphinate (1s): According to Procedure 5. Yield: 1.40 g, 76%; white 

solid, m.p. 155-157 °C; 1H NMR (400 MHz, CDCl3) δ 8.02-7.87 (m, 6H), 

7.72-7.45 (m, 13H), 7.38-7.30 (m, 2H), 7.29-7.21 (m, 4H), 5.56-5.49 (m, 1H), 3.99 (dd, J = 7.6, 
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6.0 Hz, 1H), 3.85-3.79 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 151.2 (d, JC-P = 8.2 Hz), 

133.7 (d, JC-P = 2.9 Hz), 132.6 (d, JC-P = 2.8 Hz), 132.4 (d, JC-P = 2.8 Hz), 132.3 (d, JC-P = 2.7 Hz), 

131.82 (d, JC-P = 10.4 Hz), 131.81 (d, JC-P = 1.7 Hz), 131.7 (d, JC-P = 1.6 Hz), 131.6 (d, JC-P = 10.3 

Hz), 131.13 (d, JC-P = 138.4 Hz), 130.87 (d, JC-P = 137.2 Hz), 130.74 (d, JC-P = 133.6 Hz), 128.7 

(d, JC-P = 13.4 Hz), 128.5 (d, JC-P = 13.4 Hz),128.33 (d, JC-P = 13.2 Hz), 128.31, 120.8 (d, JC-P = 

4.9 Hz), 76.0 (d, JC-P = 5.5 Hz), 47.7 (d, JC-P = 4.7 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 33.6, 

31.5 ppm; HRMS (ESI) (m/z) [M+H]+ C32H28
79BrO4P2 calcd. for 617.0641, found 617.0639. 

 

2-chloro-1-phenylpentyl diphenylphosphinate (1t): According to Procedure 5. 

Yield: 979.0 mg, 82%; dr > 30:1; white solid, m.p. 75-76 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.93-7.83 (m, 2H), 7.63-7.52 (m, 3H), 7.51-7.45 (m, 2H), 7.42-7.36 (m, 

1H), 7.31-7.22 (m, 7H), 5.47 (dd, J = 5.6, 9.2 Hz, 1H), 4.31-4.21 (m, 1H), 1.74-1.64 (m, 1H), 

1.63-1.45 (m, 2H), 1.44-1.32 (m, 1H), 0.83 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) 

δ 137.0 (d, JC-P = 2.6 Hz), 132.2 (d, JC-P = 2.7 Hz), 132.0 (d, JC-P = 2.8 Hz), 131.9 (d, JC-P = 10.5 

Hz), 131.7 (d, JC-P = 139.0 Hz), 131.6 (d, JC-P = 10.3 Hz), 131.1 (d, JC-P = 138.7 Hz), 128.53, 

128.49 (d, JC-P = 13.2 Hz), 128.126, 128.124 (d, JC-P = 13.2 Hz), 127.5, 79.7 (d, JC-P = 5.7 Hz), 

65.1 (d, JC-P = 5.3 Hz), 35.5, 19.5, 13.4 ppm; 31P NMR (162 MHz, CDCl3) δ 33.0 ppm; HRMS 

(ESI) (m/z) [M+H]+ C23H25
35ClO2P calcd. for 399.1275, found 399.1279. 

 

2-chloro-1-phenyldodecyl diphenylphosphinate (1u): 

According to Procedure 5. Yield: 1.09 g, 73%; two diastereomers, 

dr = 13:1; colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.91-7.82 

(m, 2H), 7.62-7.50 (m, 3H), 7.49-7.42 (m, 2H), 7.40-7.33 (m, 1H), 7.30-7.20 (m, 2H), 7.46 (dd, 

J = 9.6, 6.0 Hz, 1H), 4.28-4.20 (m, 1H), 1.78-1.65 (m, 1H), 1.55-1.42 (m, 2H), 1.34-1.11 (m, 

15H), 0.87 (t, J = 6.8, 3H) ppm; 13C NMR (100 MHz, CDCl3) (the major isomer) δ 137.1 (d, JC-

P = 2.5 Hz), 132.2 (d, JC-P = 2.7 Hz), 132.0 (d, JC-P = 2.7 Hz), 131.86 (d, JC-P = 10.4 Hz), 131.76 

(d, JC-P = 138.9 Hz), 131.67 (d, JC-P = 10.3 Hz), 131.2 (d, JC-P = 133.7 Hz), 128.54, 128.49 (d, JC-

P = 13.2 Hz), 128.139, 128.136 (d, JC-P = 13.2 Hz), 127.6, 79.7 (d, JC-P = 5.8 Hz), 65.4 (d, JC-P = 

5.4 Hz), 33.5, 31.9, 29.57, 29.51, 29.38, 29.32, 28.9, 26.3, 22.7, 14.1 ppm; 31P NMR (162 MHz, 

CDCl3) δ 33.0 ppm; HRMS (ESI) (m/z) [M+H]+ C30H39
35ClO2P calcd. for 497.2371, found 

497.2372.  

 

2-chloro-1,3-diphenylpropyl diphenylphosphinate (1v): According to 

Procedure 5. Yield: 990.0 mg, 74%; dr > 30:1; white solid, m.p. 127-129 °C; 1H 

NMR (400 MHz, CDCl3) δ 7.95-7.85 (m, 2H), 7.64-7.43 (m, 5H), 7.42-7.16 (m, 

12H), 7.15-7.07 (m, 2H), 5.62-5.22 (m, 1H), 4.48-4.42 (m, 1H), 3.30-3.18 (m, 1H), 
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2.75-2.65 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) (the major isomer) δ ppm; 137.4, 136.7 

(d, JC-P = 1.9 Hz), 132.4, 132.2, 131.9 (d, JC-P = 10.2 Hz), 131.73 (d, JC-P = 142.1 Hz) 131.67 (d, 

JC-P = 10.0 Hz), 131.0 (d, JC-P = 134.8 Hz), 129.4, 128.72, 128.66 (d, JC-P = 12.0 Hz), 128.4, 

128.29 (d, JC-P = 13.2 Hz), 128.25, 127.6, 126.8, 79.1 (d, JC-P = 4.9 Hz), 66.0 (d, JC-P = 4.3 Hz), 

39.9 ppm; 31P NMR (162 MHz, CDCl3) δ 33.1 ppm; HRMS (ESI) (m/z) [M+H]+ C27H25
35ClO2P 

calcd. for 447.1275, found 447.1275. 

 

(1-chlorocyclobutyl)(phenyl)methyl diphenylphosphinate (1w): According to 

Procedure 5. Yield: 1.06 g, 89%; white solid, m.p. 124-125 °C; 1H NMR (400 

MHz, CDCl3) δ 7.98-7.86 (m, 2H), 7.66-7.47 (m, 5H), 7.41-7.33 (m, 3H), 7.31-7.20 

(m, 5H), 5.58 (d, J = 10.8 Hz, 1H), 3.00-2.89 (m, 1H), 2.76-2.66 (m, 1H), 2.46-2.37 (m, 1H), 

2.35-2.26 (m, 1H), 2.26-2.15 (m, 1H), 1.93-1.81 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 

136.3 (d, JC-P = 2.1 Hz), 132.26 (d, JC-P = 2.8 Hz), 131.93 (d, JC-P = 2.5 Hz), 131.88 (d, JC-P = 10.7 

Hz), 131.80 (d, JC-P = 140.4 Hz), 131.51 (d, JC-P = 10.1 Hz), 131.06 (d, JC-P = 142.2 Hz), 128.5 

(d, JC-P = 13.3 Hz), 128.4, 128.3, 128.0 (d, JC-P = 13.2 Hz), 127.6, 80.4 (d, JC-P = 5.9 Hz), 72.7 (d, 

JC-P = 5.5 Hz), 36.0, 35.1, 15.0 ppm; 31P NMR (162 MHz, CDCl3) δ 33.2 ppm; HRMS (ESI) 

(m/z) [M+H]+ C23H23
35ClO2P calcd. for 397.1119, found 397.1119. 

 

(1-chlorocyclobutyl)(phenyl)methyl diphenylphosphinate (1x): According to 

Procedure 5. Yield: 1.17 g, 95%; white solid, m.p. 92-93 °C; 1H NMR (400 MHz, 

CDCl3) δ 8.01-7.98 (m, 2H), 7.65-7.50 (m, 5H), 7.43-7.35 (m, 3H), 7.30-7.20 (m, 

5H), 5.55 (d, J = 10.8 Hz, 1H), 2.31-2.20 (m, 2H), 2.17-2.07 (m, 1H), 2.06-1.92 (m, 2H), 1.89-

1.73 (m, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 137.3 (d, JC-P = 1.7 Hz), 132.25 (d, JC-P = 2.8 

Hz), 131.89 (d, JC-P = 10.4 Hz), 131.85 (d, JC-P = 2.7 Hz), 131.7 (d, JC-P = 140.8 Hz), 131.5 (d, JC-

P = 10.1 Hz), 131.02 (d, JC-P = 132.0 Hz), 128.5 (d, JC-P = 13.3 Hz), 128.4, 128.3, 127.9 (d, JC-P = 

13.2 Hz), 127.5, 83.2 (d, JC-P = 5.9 Hz), 81.6 (d, JC-P = 5.9 Hz), 40.5, 39.4, 22.9 ppm; 31P NMR 

(162 MHz, CDCl3) δ 32.7 ppm; HRMS (ESI) (m/z) [M+H]+ C24H25
35ClO2P calcd. for 411.1275, 

found 411.1277. 

 

2-bromo-1-(naphthalen-2-yl)ethyl diphenylphosphinate (1y): According to 

Procedure 5. Yield: 1.00 g, 71%; white solid, m.p. 94-95 °C; 1H NMR (400 

MHz, CDCl3) δ 7.72-7.64 (m, 2H), 7.63-7.52 (m, 3H), 7.49-7.41 (m, 3H), 7.37-

7.31 (m, 1H), 7.30-7.20 (m, 5H), 7.20-7.13 (m, 1H), 7.07-6.99 (m, 2H), 5.55-5.44 (m, 1H), 3.73 

(dd, J = 6.0, 10.8 Hz, 1H), 3.59 (dd, J = 6.4, 10.8 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 

135.0 (d, JC-P = 3.7 Hz), 133.4, 132.9, 132.4 (d, JC-P = 2.8 Hz), 132.2 (d, JC-P = 2.7 Hz), 131.9 (d, 

JC-P = 10.3 Hz), 131.7 (d, JC-P = 10.3 Hz), 131.5 (d, JC-P = 139.0 Hz), 130.9 (d, JC-P = 133.8 Hz), 
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128.57 (d, JC-P = 13.4 Hz), 128.53, 128.3 (d, JC-P = 13.2 Hz), 128.2, 127.7, 126.8, 126.6, 126.4, 

123.8, 76.7 (d, JC-P = 5.5 Hz), 35.8 (d, JC-P = 4.7 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 33.5 

ppm; HRMS (ESI) (m/z) [M+H]+ C24H20
79BrNaO2P calcd. for 473.0277, found 473.0274. 

 

2-chloro-1-(3-oxo-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-yl)ethyl 

diphenyl-phosphinate (1z): According to Procedure 5. Yield: 880.0 mg, 

65%; light yellow oil; 1H NMR (400 MHz, Acetone-d6) δ 9.84 (brs, 1H), 

7.93-7.85 (m, 2H), 7.77-7.68 (m, 2H), 7.64-7.58 (m, 1H), 7.56-7.48 (m, 3H), 7.44-7.37 (m, 2H), 

7.07-7.02 (m, 1H), 6.97 (dd, J = 8.4, 2.0 Hz, 1H), 6.84 (d, J = 8.4 Hz, 1H), 5.48-5.39 (m, 1H), 

4.53 (s, 2H), 3.98 (dd, J = 6.4, 11.6 Hz, 1H), 3.89 (dd, J = 5.2, 11.6 Hz, 1H) ppm; 13C NMR (100 

MHz, Acetone-d6) δ 169.6, 149.0, 137.6, 137.5, 137.24 (d, JC-P = 3.0 Hz), 137.15 (d, JC-P = 138.5 

Hz), 137.0 (d, JC-P = 135.5 Hz), 136.9 (d, JC-P = 4.3 Hz), 136.8 (d, JC-P = 3.4 Hz), 133.9 (d, JC-P = 

3.4 Hz), 133.6 (d, JC-P = 3.2 Hz), 132.6, 127.0, 121.3, 120.0, 76.23, 76.18, 66.94, 47.95, 47.89 

ppm; 31P NMR (162 MHz, Acetone-d6) δ 32.5 ppm; HRMS (ESI) (m/z) [M+H]+ 

C22H19
35ClNNaO4P calcd. for 450.0632, found 450.0635. 

 

1-chloro-3-phenylpropan-2-yl diphenylphosphinate (1aa): According to 

Procedure 8. Yield: 1.57 g, 85%; white solid, m.p. 109-111 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.86-7.76 (m, 2H), 7.65-7.56 (m, 2H), 7.55-7.42 (m, 4H), 7.41-7.33 (m, 

2H), 7.31-7.22 (m, 3H), 7.21-7.14 (m, 2H), 4.80-4.70 (m, 1H), 3.74-3.65 (m, 2H), 3.24-3.05 (m, 

2H) ppm; 13C NMR (100 MHz, CDCl3) δ 136.1, 132.3 (d, JC-P = 2.5 Hz), 132.2 (d, JC-P = 2.5 

Hz), 131.73 (d, JC-P = 10.2 Hz), 131.66 (d, JC-P = 135.2 Hz), 131.29 (d, JC-P = 10.2 Hz), 131.15 

(d, JC-P = 134.5 Hz), 129.7, 128.6 (d, JC-P = 13.0 Hz), 128.5 (d, JC-P = 12.9 Hz), 127.0, 75.6 (d, JC-

P = 6.1 Hz), 46.2 (d, JC-P = 2.7 Hz), 39.2 (d, JC-P = 4.7 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 

32.8 ppm; HRMS (ESI) (m/z) [M+H]+ C21H21
35ClO2P calcd. for 371.0962, found 371.0969. 

 

2-chloro-1-((S)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)ethyl diphenyl- 

phosphinate (1ab): According to Procedure 9. Yield: 852.0 mg, 71%; two 

diastereomers, dr = 1.2/1; colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.68-

7.55 (m, 4H), 7.37-7.19 (m, 6H), 5.57-5.44 (m, 1H), 4.79-4.67 (m, 1H), 4.55-

4.41 (m, 2H), 3.67-3.56 (m, 1H), 3.48-3.39 (m, 1H), 2.05-1.60 (m, 5H), 1.59-1.51 (m, 2H), 1.51 

(s, 1.4H, the minor isomer), 1.49 (s, 1.68H, the major isomer) ppm; 13C NMR (100 MHz, CDCl3) 

δ (not possible to assign every peak) 149.4, 149.1, 132.68, 132.66, 132.56, 132.52, 132.49, 

132.40, 132.37, 132.24, 132.20, 132.17, 132.15, 132.10, 132.08, 132.05, 132.00, 131.90, 131.64, 

131.54, 131.44, 131.17, 131.02, 129.85, 128.61, 128.54, 128.53, 128.41, 128.39, 128.36, 128.25, 

128.23, 108.91, 108.85, 79.21, 79.15, 79.01, 78.96, 45.21, 45.15, 44.65, 44.59, 40.73, 40.26, 
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30.51, 30.25, 26.89, 26.83, 23.54, 23.24, 20.78, 20.56 ppm; 31P NMR (162 MHz, CDCl3) δ 31.9 

(0.82P, the minor isomer), 31.7 (1P, the major isomer) ppm; HRMS (ESI) (m/z) [M+H]+ 

C23H27
35ClO2P calcd. for 401.1432, found 401.1427. 

 

2-chloro-1-((1R,5S)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl 

diphenylphosphinate (1ac): According to Procedure 9. Yield: 672.0 mg, 56%; 

two diastereomers, dr = 2/1; colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.70-

7.58 (m, 4H), 7.37-7.30 (m, 2H), 7.30-7.22 (m, 4H), 5.42-5.32 (m, 1H), 4.77-4.63 (m, 1H), 3.58 

(dd, J = 5.2, 8.4 Hz, 0.66H, the major isomer), 3.53 (dd, J = 6.4, 11.6 Hz, 0.34H, the minor 

isomer), 3.47-3.37 (m, 1H), 2.24-2.14 (m, 1H), 2.11-1.96 (m, 3H), 1.94-1.83 (m, 1H), 1.11 (s, 2H, 

the major isomer), 1.08 (s, 1H, the minor isomer), 0.94 (d, J = 8.8 Hz, 0.66H, the major isomer), 

0.79 (d, J = 8.8 Hz, 0.36H, the minor isomer), 0.66 (s, 2H, the major isomer), 0.58 (s, 1H, the 

minor isomer) ppm; 13C NMR (100 MHz, CDCl3) δ (not possible to assign every peak) 143.40, 

143.37, 143.12, 143.07, 132.59, 132.26, 132.23, 132.22, 132.19, 132.16, 132.13, 132.11, 132.01, 

131.98, 131.90, 131.88, 131.68, 131.60, 131.58, 131.50, 131.21, 130.77, 128.52, 128.50, 128.47, 

128.42, 128.39, 128.37, 128.34, 128.29, 123.75, 123.70, 77.35, 77.29, 45.57, 45.52, 44.56, 44.53, 

41.88, 41.68, 40.69, 40.52, 38.02, 37.83, 31.74, 31.42, 31.22, 26.18, 26.12, 21.42 ppm; 31P NMR 

(162 MHz, CDCl3) δ 32.5 (2P, the major isomer), 32.0 (1P, the major isomer) ppm; HRMS (ESI) 

(m/z) [M+H]+ C23H27
35ClO2P calcd. for 401.1432, found 423.1250. 

 

(1R,2S,4S)-2-isopropyl-4-methylcyclohexyl 4-(2-chloro-1-

((diphenyl phosphoryl)oxy)ethyl) benzoate (1ad): According to 

Procedure 5. Yield: 1.45 g, 90%; dr > 30:1; colorless oil; 1H NMR 

(400 MHz, CDCl3) δ 7.85 (d, J = 7.6 Hz, 2H), 7.77-7.68 (m, 2H), 7.58-

7.49 (m, 2H), 7.45-7.38 (m, 1H), 7.37-7.29 (m, 3H), 7.25 (d, J = 8.4 Hz, 2H), 7.23-7.17 (m, 2H), 

5.48-5.36 (m, 1H), 4.79 (dt, J = 4.4, 10.8 Hz, 1H), 3.87-3.78 (m, 1H), 3.74-3.63 (m, 1H), 2.01-

1.92 (m, 1H), 1.86-1.74 (m, 1H), 1.65-1.54 (m, 2H), 1.49-1.35 (m, 2H), 1.07-0.90 (m, 2H), 0.86-

0.81 (m, 1H), 0.79 (dd, J = 6.8, 2.4 Hz, 6H), 0.66 (d, J = 6.8 Hz, 3H) ppm; 13C NMR (100 MHz, 

CDCl3) δ 165.6, 142.0 (d, JC-P = 3.4 Hz), 132.5 (d, JC-P = 2.7 Hz), 132.4 (d, JC-P = 1.7 Hz), 131.8 

(d, JC-P = 10.4 Hz), 131.6 (d, JC-P = 10.3 Hz), 131.3, 131.2 (d, JC-P = 137.7 Hz), 130.8 (d, JC-P = 

134.2 Hz), 129.8 (d, JC-P = 0.8 Hz), 128.6 (d, JC-P = 13.3 Hz), 128.5 (d, JC-P = 13.2 Hz), 126.8, 

76.0 (d, JC-P = 5.4 Hz), 75.0, 47.7 (d, JC-P = 4.5 Hz), 47.3, 41.0, 34.3, 31.5, 26.5, 23.6, 22.1, 20.8, 

16.5 ppm; 31P NMR (162 MHz, CDCl3) δ 33.9 ppm; HRMS (EI) (m/z) C31H37
35ClO4P calcd. for 

539.2113, found 539.2118. 
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2,2-dichloro-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethyl diphenyl-

phosphinate (1ah): According to Procedure 5. Yield: 1.35 g, 84%; white solid, 

m.p. 118-119 °C; 1H NMR (400 MHz, CDCl3) δ 7.76-7.65 (m, 4H), 7.57-7.52 

(m, 1H), 7.51-7.41 (m, 6H), 7.37-7.31 (m, 1H), 7.23-7.13 (m, 3H), 7.09-7.02 (m, 4H), 6.01 (d, J 

= 10.0 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) peaks of the major isomer δ 142.6, 133.8 (d, 

JC-P = 0.6 Hz), 132.4 (d, JC-P = 2.8 Hz), 132.1 (d, JC-P = 2.8 Hz), 131.55 (d, JC-P = 10.6 Hz), 131.4 

(q, JC-F = 32.6 Hz), 131.00 (d, JC-P = 134.4 Hz), 130.80 (d, JC-P = 139.6 Hz), 129.5, 129.1, 128.9, 

128.5 (d, JC-P = 13.4 Hz), 128.1 (d, JC-P = 13.4 Hz), 127.3, 124.7 (q, JC-F = 3.6 Hz), 123.7 (q, JC-F 

= 270.6 Hz), 92.3 (d, JC-P = 7.8 Hz), 83.7 (d, JC-P = 5.6 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 

34.4 ppm; 19F NMR (377 MHz, CDCl3) δ -63.2 ppm; HRMS (ESI) (m/z) [M+H]+ 

C27H21
35Cl2F3O2P calcd. for 535.0603, found 535.0608. 

 

1,2-diphenylethyl diphenylphosphinate (1ai): According to Procedure 4. Yield: 

860 mg, 72%; white solid, m.p. 140-141 °C; 1H NMR (400 MHz, CDCl3) δ 7.80-

7.66 (m, 4H), 7.62-7.55 (m, 1H), 7.53-7.44 (m, 3H), 7.41-7.34 (m, 2H), 7.33-7.29 

(m, 3H), 7.29-7.22 (m, 5H), 7.14-7.03 (m, 2H), 5.68-5.56 (m, 1H), 3.49 (dd, J = 6.4, 13.2 Hz, 

1H), 3.31 (dd, J = 6.8, 13.2 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 140.0 (d, JC-P = 3.4 

Hz), 136.5, 132.05 (d, JC-P = 137.8 Hz), 131.95 (d, JC-P = 2.7 Hz), 131.88, 131.84 (d, JC-P = 10.3 

Hz), 131.57 (d, JC-P = 134.3 Hz), 131.55 (d, JC-P = 10.2 Hz), 130.0, 128.4 (d, JC-P = 13.1 Hz), 

128.19 (d, JC-P = 12.9 Hz), 128.15 (one carbon is overlapping), 128.0, 126.7, 126.6, 79.0 (d, JC-P 

= 6.0 Hz), 45.3 (d, JC-P = 4.6 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 32.1 ppm; HRMS (ESI) 

(m/z) [M+H]+ C26H24O2P calcd. for 399.1508, found 399.1508. 

 

(5R)-2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl dipheny-lphosphinate 

(1aj): According to Procedure 4. Yield: 802.0 mg, 76%; two diastereomers, dr = 

2:1; colorless oil; 1H NMR (400 MHz, CDCl3) δ 7.75-7.57 (m, 4H), 7.38-7.16 

(m, 6H), 5.57-5.50 (m, 0.33H, the minor isomer), 5.45-5.37 (m, 0.67H, the major isomer), 4.94-

4.83 (m, 0.67H, the major isomer), 4.73-4.67 (m, 0.33H, the minor isomer), 4.57-4.38 (m, 2H), 

2.37-1.54 (m, 5H), 1.54 (s, 2H, the major isomer), 1.52 (s, 1H, the minor isomer), 1.46 (s, 3H) 

ppm; 13C NMR (100 MHz, CDCl3) (difficult to assign every peak) δ 148.4 (the minor isomer), 

148.1 (the major isomer), 133.69, 133.63, 133.43, 133.30, 133.15, 132.80, 132.07, 132.04, 

132.00, 131.97, 131.94, 131.80, 131.75, 131.70, 131.63, 131.61, 131.60, 131.53, 131.44, 128.49, 

128.45, 128.36, 128.32, 128.02, 126.21, 109.38, 109.25, 75.63, 75.57, 73.25, 73.18, 40.37, 36.52, 

35.40, 35.23, 30.74, 20.83, 20.40, 19.80 ppm; 31P NMR (162 MHz, CDCl3) δ 31.3 (1P, the major 

isomer), 31.1 (0.5P, the minor isomer) ppm; HRMS (ESI) (m/z) [M+H]+ C22H26O2P calcd. for 

353.1665, found 353.1664. 
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3-chloro-1-(4-fluorophenyl)propyl diphenylphosphinate (1ak): According to 

Procedure 4. Yield: 817.0 mg, 70%; colorless oil; 1H NMR (400 MHz, CDCl3) 

δ 7.91-7.81 (m, 2H), 7.67-7.54 (m, 3H), 7.54-7.42 (m, 3H), 7.37-7.29 (m, 2H), 

7.29-7.22 (m, 2H), 7.05-6.93 (m, 2H), 5.60-5.48 (m, 1H), 3.73-3.60 (m, 1H), 3.53-3.42 (m, 1H), 

2.67-2.53 (m, 1H), 2.32-2.21 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 163.6 (d, JC-F = 245.6 

Hz), 135.4 (dd, J = 3.1, 3.2 Hz), 132.3 (d, JC-P = 2.8 Hz), 132.1 (d, JC-P = 2.8 Hz), 131.9 (d, JC-P = 

10.3 Hz), 131.7 (d, JC-P = 139.0 Hz), 131.4 (d, JC-P = 10.1 Hz), 131.0 (d, JC-P = 132.5 Hz), 128.6 

(d, JC-P = 13.2 Hz), 128.4 (d, JC-F = 8.6 Hz), 128.2 (d, JC-P = 13.3 Hz), 115.5 (d, JC-F = 21.4 Hz), 

74.8 (d, JC-P = 5.8 Hz), 41.1 (d, JC-P = 4.6 Hz), 40.5 ppm; 31P NMR (162 MHz, CDCl3) δ 32.5 

ppm; 19F NMR (377 MHz, CDCl3) δ -113.8 ppm; HRMS (ESI) (m/z) [M+H]+ C21H20
35ClFO2P 

calcd. for 389.0868, found 389.0868. 

 

(3s,5s,7s)-adamantan-1-yl diphenylphosphinate (1al). According to Procedure 

6. Yield: 1.32 g, 75%; white solid, m.p. 126-127 °C; 1H NMR (400 MHz, CDCl3) 

δ 7.69-7.60 (m, 4H), 7.35-7.22 (m, 6H), 2.00-1.90 (m, 9H), 1.45 (s, 6H) ppm; 13C NMR (100 

MHz, CDCl3) δ 134.8 (d, JC-P = 137.5 Hz), 131.5 (d, JC-P = 2.8 Hz), 131.4 (d, JC-P = 10.2 Hz), 

128.3 (d, JC-P = 13.1 Hz), 83.5 (d, JC-P = 8.7 Hz), 44.6 (d, JC-P = 3.9 Hz), 35.7, 31.2 ppm; 31P NMR 

(162 MHz, CDCl3) δ 26.5 ppm; HRMS (ESI) (m/z) [M+H]+ C22H26O2P calcd. for 353.1665, 

found 353.1662. 

 

2,4,5-triphenyl-1,3,2-dioxaphospholane 2-oxide (4a). According to Procedure 

10. Yield: 756.0 mg, 75%; white solid, m.p. 165-166 °C; 1H NMR (400 MHz, 

CDCl3) δ 7.95-7.85 (m, 2H), 7.57-7.51 (m, 1H), 7.49-7.41 (m, 2H), 7.31-7.20 (m, 

8H), 7.12-7.04 (m, 2H), 5.42 (d, J = 9.2 Hz, 1H), 5.27 (dd, J = 1.6, 9.2 Hz, 1H) ppm; 13C NMR 

(100 MHz, CDCl3) δ 134.5 (d, JC-P = 10.0 Hz), 134.3 (d, JC-P = 7.4 Hz), 133.4 (d, JC-P = 3.2 Hz), 

132.3, 132.2, 129.5, 129.4, 128.98, 128.92, 128.88, 128.82, 127.0, 126.9 (d, JC-P = 184.5 Hz), 

126.5, 88.4 (d, JC-P = 1.7 Hz), 85.3 ppm; 31P NMR (162 MHz, CDCl3) δ 34.07 ppm; HRMS 

(ESI) (m/z) [M+H]+ C20H18O3P calcd. for 337.0988, found 337.0994. Literature NMR data is not 

available in CDCl3, but the compound has been previously reported.[12] 
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 Characterization of Products 

 

(E)-1,2-diphenylethene (E-2a): From the reaction of 1a with DCA as e-PRCat 

according to Procedure 11, for 12 h. Yield: 28.0 mg, 75%; colorless solid, m.p. 

124 °C; 1H NMR (400 MHz, CDCl3) δ 7.66 (d, J = 7.6 Hz, 4H), 7.54-7.46 (m, 4H), 7.43-7.38 

(m, 2H), 7.26 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 137.4, 128.73, 128.71, 127.7, 126.5 

ppm; HRMS (EI) (m/z) [M] C14H12 calcd. for 180.0939, found 180.0939. Data are consistent with 

the literature.[13] 

 

(Z)-1,2-diphenylethene (Z-2a): From the reaction of 1a with nBuO-NpMI as e-

PRCat according to Procedure 11, for 72 h. Yield: 25.0 mg, 78%; as a mixture of 

isomers with E-/Z- = 1/10; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.29-7.18 (m, 10H), 

6.62 (s, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 137.3, 130.3, 128.9, 128.2, 127.1 ppm; HRMS 

(EI) (m/z) [M] C14H12 calcd. for 180.0939, found 180.0941. Data are consistent with the 

literature.[14]  

 

(Z)-1-methyl-4-styrylbenzene (Z-2b): According to Procedure 11. Yield: 28.0 

mg, 72%; as a mixture of isomers with E-/Z- = 1/10; colorless liquid; 1H NMR 

(400 MHz, CDCl3) (Z- isomer) δ 7.30-7.19 (m, 5H), 7.17-7.13 (m, 2H), 7.04 (d, J = 8.0 Hz, 2H), 

6.57 (s, 2H), 2.32 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) (Z- isomer) δ 137.5, 136.9, 134.3, 

130.2, 129.6, 128.92, 128.86, 128.81, 128.2, 127.0, 21.3; HRMS (ESI) (m/z) [M+H]+ C15H14 

calcd. for 194.1096, found 194.1092. Data are consistent with the literature.[15] 

 

(Z)-1-styryl-4-(trifluoromethyl)benzene (Z-2c): According to Procedure 11. 

Yield: 39.0 mg, 78%; colorless liquid; b δ 7.50 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 

8.0 Hz, 2H), 7.32-7.20 (m, 5H), 6.76 (d, J = 12.4 Hz, 1H), 6.63 (d, J = 12.4 Hz, 

1H) ppm; 13C NMR (100 MHz, CDCl3) δ 140.9, 136.6, 132.3, 129.2, 129.0 (d, JC-P = 139.6 Hz), 

128.97 (d, JC-P = 32.3 Hz), 128.84, 128.76, 128.4, 127.6, 125.2 (q, JC-F = 3.7 Hz), 124.2 (q, JC-F = 

270.1 Hz) ppm; 31P NMR (162 MHz, CDCl3) δ 34.4 (0.33P, the minor isomer), 34.0 (1P, the 

major isomer) ppm; 19F NMR (377 MHz, CDCl3) -63.1 (0.33F, the minor isomer), -63.2 (1F, the 

minor isomer) ppm; HRMS (EI) (m/z) [M] C15H11F3 calcd. for 248.0813, found 248.0810. Data 

are consistent with the literature.[16] 

 

6,7-dihydro-5H-benzo[7]annulene (2d): According to Procedure 11. Yield: 20.0 mg, 

69%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.12-6.96 (m, 4H), 6.33 (d, J = 
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12.4 Hz, 1H), 5.82 (dd, J = 12.4, 4.4 Hz, 1H), 2.80-2.74 (m, 2H), 2.39-2.30 (m, 2H), 1.94-1.84 

(m, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 141.7, 136.3, 132.3, 130.9, 129.8, 129.0, 126.6, 

125.9, 36.2, 32.5, 27.0 ppm; HRMS (EI) (m/z) [M] C11H12 calcd. for 144.0939, found 144.0937. 

Data are consistent with the literature.[17] 

 

1,2-dihydronaphthalene (2e): According to Procedure 11. Yield: 20.0 mg, 77%; 

colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.34-7.23 (m, 3H), 7.20-7.15 (m, 1H), 

6.62 (d, J = 10.0 Hz, 1H), 6.22-6.15 (m, 1H), 2.96 (t, J = 8.0 Hz, 2H), 2.52-2.44 (m, 2H) ppm; 
13C NMR (100 MHz, CDCl3) δ 135.5, 134.2, 128.7, 127.8, 127.5, 126.9, 126.5, 125.9, 27.5, 23.2 

ppm; HRMS (EI) (m/z) [M] C10H10 calcd. for 130.0783, found 130.0780. Data are consistent with 

the literature.[18] 

 

1H-indene (2f): According to Procedure 11. Yield: 19.0 mg, 83%; light yellow liquid; 
1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 7.6 Hz, 1H), 7.27 (d, J = 7.6 Hz, 1H), 7.16-

7.11 (m, 1H), 7.08-7.02 (m, 1H), 6.78-6.72 (m, 1H), 6.42 (dt, J = 5.2, 2.0 Hz, 1H), 3.26 (q, J = 

2.0 Hz, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 144.9, 143.7, 134.2, 132.1, 126.3, 124.6, 123.7, 

121.0, 39.1 ppm; HRMS (EI) (m/z) [M] C9H8 calcd. for 116.0626, found 116.0624. Data are 

consistent with the literature.[18] 

 

2,3,4,5-tetrahydro-1,1'-biphenyl (2g): According to Procedure 11. Yield: 25.0 

mg, 78%; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 7.43-7.37 (m, 2H), 7.35-

7.28 (m, 2H), 7.26-7.19 (m, 1H), 6.17-6.09 (m, 1H), 2.47-2.37 (m, 2H), 2.27-2.16 (m, 2H), 1.85-

1.75 (m, 2H), 1.73-1.63 (m, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 142.7, 136.6, 128.2, 126.5, 

125.0, 124.8, 27.4, 25.9, 23.1, 22.2 ppm; HRMS (EI) (m/z) [M] C12H14 calcd. for 158.1096, found 

158.1110. Data are consistent with the literature.[19] 

 

(1S,4R)-2-phenylbicyclo[2.2.1]hept-2-ene (2h): According to Procedure 11. Yield: 

25.0 mg, 73%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.40-7.34 (m, 2H), 

7.29-7.23 (m, 2H), 7.20-7.11 (m, 1H), 6.25 (d, J = 3.2 Hz, 1H), 3.30-3.24 (m, 1H), 2.98-2.92 (m, 

1H), 1.77-1.71 (m, 2H), 1.50-1.45 (m, 1H), 1.26-1.17 (m, 1H), 1.13-1.08 (m, 2H) ppm; 13C NMR 

(100 MHz, CDCl3) δ 147.8, 135.8, 129.7, 128.4, 126.7, 124.9, 47.9, 43.4, 43.1, 26.8, 24.8 ppm; 

HRMS (EI) (m/z) [M] C13H14 calcd. for 170.1096, found 170.1088. Data are consistent with the 

literature. [20] 
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(1-cyclohexylvinyl)benzene (2i): According to Procedure 11. Yield: 23.0 mg, 

61%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.29-7.16 (m, 5H), 5.09-5.03 

(m, 1H), 4.97-4.90 (m, 1H), 2.40-2.30 (m, 1H), 1.82-1.68 (m, 4H), 1.67-1.59 (m, 1H), 1.33-1.19 

(m, 2H), 1.18-1.03 (m, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 155.0, 143.0, 128.1, 127.0, 

126.6, 110.3, 42.6, 32.7, 26.8, 26.5 ppm; HRMS (EI) (m/z) [M] C14H18 calcd. for 186.1409, found 

186.1414. Data are consistent with the literature.[21] 

 

4-(prop-1-en-1-yl)-1,1'-biphenyl (2j): According to Procedure 11. Yield: 

27.0 mg, 71%; white solid, m.p. 121-123 °C; 1H NMR (400 MHz, CDCl3) 

δ 7.46-7.42 (m, 2H), 7.40-7.36 (m, 1H), 7.30-7.23 (m, 4H), 7.21-7.15 (m, 1H), 6.29 (d, J = 15.6 

Hz, 1H), 6.14 (dq, J = 15.6, 6.4 Hz, 1H), 1.76 (dd, J = 6.4, 1.6 Hz, 3H) ppm; 13C NMR (100 

MHz, CDCl3) δ 140.9, 139.5, 137.0, 130.6, 128.8, 127.20, 127.15, 126.9, 126.2, 125.9, 18.6 ppm; 

HRMS (EI) (m/z) [M] C15H14 calcd. for 194.1096, found 194.1089. Data are consistent with the 

literature.[22] 

 

(E)-4-(prop-1-en-1-yl)phenyl benzoate (2k): According to Procedure 11. 

Yield: 32.0 mg, 72%; colorless oil; 1H NMR (400 MHz, CDCl3) δ 8.35-8.27 

(m, 2H), 7.78-7.71 (m, 1H), 7.66-7.57 (m, 2H), 7.48 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 

6.57-6.48 (m, 1H), 6.39-6.26 (m, 1H), 2.00 (dd, J = 1.6, 6.4 Hz, 3H) ppm; 13C NMR (100 MHz, 

CDCl3) δ 165.2, 149.7, 135.9, 133.6, 130.2, 130.2, 129.6, 128.6, 126.8, 126.0, 121.7, 18.5 ppm; 

HRMS (EI) (m/z) [M] C16H14O2 calcd. for 238.0994, found 238.1001. Data are consistent with 

the literature.[23] 

 

(E)-1-methoxy-4-(prop-1-en-1-yl)benzene (2l): According to Procedure 11. 

Yield: 7.4 mg, 25%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.30-7.24 

(m, 2H), 6.88-6.81 (m, 2H), 6.35 (dq, J = 15.6, 1.6 Hz, 1H), 6.10 (dq, J = 15.6, 6.8 Hz, 1H), 3.81 

(s, 3H), 1.87 (dd, J = 1.6, 6.8 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 158.6, 130.8, 130.4, 

126.9, 123.5, 113.9, 55.3, 18.4 ppm; HRMS (EI) (m/z) [M] C10H12O calcd. for 148.0888, found 

148.0885. Data are consistent with the literature.[24] 

 

1-methoxy-4-vinylbenzene (2m): According to Procedure 11. Yield: 4.0 mg, 

15%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.31-7.23 (m, 2H), 6.83-

6.75 (m, 2H), 6.59 (dd, J = 10.8, 17.6 Hz, 1H), 5.53 (dd, J = 0.8, 17.6 Hz, 1H), 5.05 (dd, J = 0.8, 

10.8 Hz, 1H), 3.73 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 159.4, 136.2, 130.5, 127.4, 
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113.9, 111.6, 55.3 ppm; HRMS (EI) (m/z) [M] C9H10O calcd. for 134.0732, found 134.0727. 

Data are consistent with the literature.[25]  

 

(E)-1-(prop-1-en-1-yl)-3-(trifluoromethyl)benzene (2n): According to Procedure 

11. Yield: 29.0 mg, 78%; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 7.49 (s, 

1H), 7.46-7.28 (m, 3H), 6.36 (d, J = 22.4 Hz, 1H), 6.24 (dq, J = 22.8, 8.0 Hz, 1H), 1.83 (dd, J = 

1.2, 6.3 Hz, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 138.7, 129.8, 129.0, 128.9, 127.9, 126.0, 

124.7 (q, JC-F = 270.9 Hz), 123.3 (q, JC-F = 15.6 Hz), 122.5 (q, JC-F = 15.3 Hz), 118.9, 118.2, 18.5 

ppm; 19F NMR (282 MHz, CDCl3) δ -63.3 ppm; HRMS (EI) (m/z) [M] C10H9F3 calcd. for 

186.0656, found 186.0661. Data are consistent with the literature.[26] 

 

(E)-1-(prop-1-en-1-yl)-3-chlorobenzene (2o): According to Procedure 11. Yield: 

17.0 mg, 56%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.32-7.29 (m, 1H), 

7.24-7.13 (m, 3H), 6.34 (dq, J = 15.6, 1.2 Hz, 1H), 6.25 (dq, J = 15.6, 6.0 Hz, 1H), 1.88 (dd, J = 

6.4, 1.2 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 139.8, 134.4, 129.8, 129.7, 127.4, 126.7, 

125.8, 124.0, 18.5 ppm; HRMS (EI) (m/z) [M] C9H9Cl calcd. for 152.0393, found 152.0393. Data 

are consistent with the literature.[27] 

 

(E)-1-chloro-4-(prop-1-en-1-yl)benzene (2p): According to Procedure 11. 

Yield: 21.0 mg, 69%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 7.28-7.23 

(m, 4H), 6.37 (dq, J = 15.6, 1.6 Hz, 1H), 6.23 (dq, J = 15.6, 6.4 Hz, 1H), 1.89 (dd, J = 1.6, 6.4 

Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 136.4, 132.3, 129.9, 128.6, 127.0, 126.5, 18.5 ppm; 

HRMS (EI) (m/z) [M] C9H9Cl calcd. for 152.0393, found 152.0393. Data are consistent with the 

literature.[27] 

 

(Z)-1-chloro-4-styrylbenzene (2q): According to Procedure 11. Yield: 24.0 mg, 

57%; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 7.25-7.20 (m, 5H), 7.20-

7.13 (m, 4H), 6.63 (d, J = 12.3 Hz, 1H), 6.53 (d, J = 12.0 Hz, 1H) ppm; 13C NMR (75 MHz, 

CDCl3) δ 136.9, 135.7, 132.8, 131.0, 130.2, 129.0, 128.8, 128.4, 128.4, 127.4 ppm; HRMS (EI) 

(m/z) [M] C14H11
35Cl calcd. for 214.0549, found 214.0551. Data are consistent with the 

literature.[28] 

 

1-bromo-4-(prop-1-en-1-yl)benzene (2r): According to Procedure 11. Yield: 

15.0 mg, 39%; mixture of two isomers, E-/Z- = 4/1; colorless liquid; 1H NMR 

(300 MHz, CDCl3) δ 7.47-7.43 (m, 0.4H, the Z- isomer), 7.42-7.37 (m, 1.6H, the E- isomer), 
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7.22-7.13 (m, 2H), 6.39-6.30 (m, 1H), 6.23 (dq, J = 18.6, 5.6 Hz ppm, 0.8H, the E isomer), 5.82 

(dq, J = 11.7, 7.2 Hz, 0.2H, the Z isomer), 1.87 (dd, J = 6.3, 1.2 Hz, 3H) ppm; 13C NMR (100 

MHz, CDCl3) (the E isomer) δ 136.9, 131.5, 129.9, 127.4, 126.6, 120.3, 18.5 ppm; HRMS (EI) 

(m/z) [M] C9H9
79Br calcd. for 195.9888, found 195.9887. Data are consistent with the literature.[29] 

 

4-vinylphenyl diphenylphosphinate (2s): According to Procedure 11. Yield: 

38.0 mg, 60%; white solid, m.p. 86-88 °C; 1H NMR (400 MHz, CDCl3) δ 7.93-

7.86 (m, 4H), 7.55-7.49 (m, 2H), 7.47-7.42 (m, 4H), 7.29-7.23 (m, 2H), 7.19-7.13 (m, 2H), 6.60 

(dd, J = 17.6, 11.2 Hz, 1H), 5.61 (d, J = 17.6 Hz, 1H), 5.16 (d, J = 11.2 Hz, 1H) ppm; 13C NMR 

(100 MHz, CDCl3) δ 150.5 (d, JC-P = 8.3 Hz), 135.8, 134.1 (d, JC-P = 1.0 Hz), 132.5 (d, JC-P = 2.8 

Hz), 131.8 (d, JC-P = 10.3 Hz), 130.9 (d, JC-P = 137.3 Hz), 128.6 (d, JC-P = 13.4 Hz), 127.4, 120.8 

(d, JC-P = 4.8 Hz), 113.6 ppm 31P NMR (162 MHz, CDCl3) δ ppm; HRMS (ESI) (m/z) [M+H]+ 

C20H18O2P calcd. for 321.1039, found 321.1040.  

 

pent-1-en-1-ylbenzene (2t): According to Procedure 11. Yield: 20.0 mg, 68%; 

as a mixture of isomers, E-/Z- = 10:1; colorless liquid; 1H NMR (300 MHz, 

CDCl3) δ 7.36-7.26 (m, 4H), 7.23-7.16 (m, 1H), 6.43 (d, J = 11.7 Hz, 0.09H, the Z- isomer), 6.39 

(d, J = 15.9 Hz, 0.91H, the E- isomer), 6.23 (dt, J = 15.9, 6.9 Hz, 0.92H, the E- isomer), 5.68 (dt, 

J = 11.7, 7.2 Hz, 0.09H, the Z- isomer), 2.37-2.27 (m, 0.20H, the Z- isomer), 2.24-2.15 (m, 1.88H, 

the E- isomer), 1.58-1.43 (m, 2H), 0.99-0.93 (m, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 138.0, 

131.0, 129.9, 128.5, 126.8, 125.9, 35.2, 22.6, 13.8 ppm; HRMS (EI) (m/z) [M] C11H14 calcd. for 

146.1096, found 146.1089. Data are consistent with the literature.[30]  

 

(E)-dodec-1-en-1-ylbenzene (2u): According to Procedure 11. 

Yield: 39.0 mg, 79%; E-/Z- =13:1; colorless liquid; 1H NMR (400 

MHz, CDCl3) δ 7.35-7.29 (m, 2H), 7.29-7.23 (m, 2H), 7.18-7.13 (m, 1H), 6.38 (d, J = 11.6 Hz, 

0.07H, the Z- isomer), 6.35 (d, J = 16.0 Hz, 0.93H, the E- isomer), 6.20 (dt, d, J = 15.6, 6.8 Hz, 

0.93H, the E- isomer), 5.64 (dt, J = 11.6, 5.8 Hz, 0.07H), 2.33-2.27 (m, 0.15H, the Z- isomer), 

2.21-2.14 (m, 1.90H, the E- isomer), 1.47-1.38 (m, 2H), 1.31-1.21 (m, 14H), 0.86 (t, J = 6.4 Hz, 

3H) ppm; 13C NMR (100 MHz, CDCl3) δ (peaks for the E- isomer only) 138.0, 131.3, 129.7, 

128.5, 126.8, 125.9, 33.1, 32.0, 29.7 (one carbon is overlapping), 29.6, 29.4, 29.4, 29.3, 22.7, 14.2 

ppm; HRMS (EI) (m/z) [M] C18H28 calcd. for 244.2191, found 244.2186. Data are consistent with 

the literature.[31] 

 



CHAPTER 3 
 

124 
 

prop-1-ene-1,3-diyldibenzene (2v): According to Procedure 11. Yield: 24.0 

mg, 62%; E-/Z- = 20/1; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 7.41-

7.19 (m, 10H), 6.62 (dt, J = 7.6, 2.0 Hz, 0.05H, the Z- isomer), 6.49 (d, J = 15.9 Hz, 0.95H, the 

E- isomer), 6.38 (dt, J = 15.9, 6.3 Hz, 0.95H, the E- isomer), 5.89 (dt, J = 11.7, 6.0 Hz, 0.04H, 

the Z- isomer), 3.71 (d, J = 7.5 Hz, 0.09H), 3.58 (d, J = 6.3 Hz, 1.91H) ppm; 13C NMR (75 MHz, 

CDCl3) δ (E- isomer only) 140.2, 137.5, 131.1, 129.3, 128.7, 128.6 (one carbon is overlapping), 

127.2, 126.23, 126.17 (2C), 39.4 ppm; HRMS (EI) (m/z) [M] C15H14 calcd. for 194.1096, found 

194.1085. Data are consistent with the literature.[32]  

 

(cyclobutylidenemethyl)benzene (2w): According to Procedure 11. Yield: 24.0 

mg, 83%; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 7.36-7.28 (m, 2H), 7.25-

7.20 (m, 2H), 7.20-7.13 (m, 1H), 6.13-6.07 (m, 1H), 3.12-3.03 (m, 2H), 2.96-2.87 (m, 2H), 2.20-

2.07 (m, 2H) ppm; 13C NMR (75 MHz, CDCl3) δ 144.9, 138.1, 128.4, 127.1, 125.8, 120.9, 32.8, 

32.7, 18.4 ppm; HRMS (EI) (m/z) [M] C11H12 calcd. for 144.0939, found 144.0933. Data are 

consistent with the literature.[33] 

 

(cyclopentylidenemethyl)benzene (2x): According to Procedure 11. Yield: 27.0 

mg, 87%; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 7.27-7.20 (m, 4H), 7.13-

7.04 (m, 1H), 6.31-6.25 (m, 1H), 2.52-2.38 (m, 4H), 1.80-1.53 (m, 4H) ppm; 13C NMR (75 MHz, 

CDCl3) δ 147.3, 138.9, 128.2 (2C), 128.0 (2C), 125.6, 120.8, 36.0, 31.2, 27.3, 25.7 ppm; HRMS 

(EI) (m/z) [M] C12H14 calcd. for 158.1096, found 158.1090. Data are consistent with the 

literature.[34] 

 

2-vinylnaphthalene (2y): According to Procedure 11. Yield: 19.0 mg, 62%; 

white solid, m.p. 64-66 °C; 1H NMR (400 MHz, CDCl3) δ 7.67-7.58 (m, 3H), 7.56 

(s, 1H), 7.45 (dd, J = 1.6, 8.8 Hz, 1H), 7.35-7.21(m, 2H), 6.70 (dd, J = 10.8, 17.6 Hz, 1H), 5.69 

(d, J = 17.6 Hz, 1H), 5.15 (d, J = 10.8 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 137.0, 135.0, 

133.6, 133.2, 128.2, 128.1, 127.7, 126.4, 126.3, 125.9, 123.2, 114.2 ppm; HRMS (EI) (m/z) [M] 

C12H10 calcd. for 154.0783, found 154.0785. Data are consistent with the literature.[35] 

 

7-vinyl-2H-benzo[b][1,4]oxazin-3(4H)-one (2z): According to Procedure 11. 

Yield: 17.0 mg, 49%; light yellow solid, m.p. 187-188 °C; 1H NMR (400 MHz, 

CDCl3) δ 9.44 (s, 1H), 7.27 (dd, J = 2.0, 8.4 Hz, 1H), 7.20-7.10 (m, 2H), 6.86 (dd, J = 10.8, 17.6 

Hz, 1H), 5.88 (d, J = 17.6 Hz, 1H), 5.44 (d, J = 11.2 Hz, 1H), 4.87 (s, 2H) ppm; 13C NMR (100 
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MHz, CDCl3) δ 166.2, 143.3, 135.5, 132.8, 126.1, 122.4, 116.8, 113.6, 113.4, 67.3 ppm; HRMS 

(ESI) (m/z) [M+H]+ C10H10NO2 calcd for 176.0633, found 175.0631.  

 

7(S)-4-(prop-1-en-2-yl)-1-vinylcyclohex-1-ene (2ab): According to Procedure 11. 

Yield: 10.0 mg, 33%; colorless liquid; 1H NMR (300 MHz, CDCl3) δ 6.37 (dd, J = 

10.8, 17.7 Hz, 1H), 5.81-5.74 (m, 1H), 5.07 (d, J = 17.4 Hz, 1H), 4.92 (d, J = 10.8 

Hz, 1H), 4.76-4.70 (m, 2H), 2.39-2.00 (m, 5H), 1.97-1.85 (m, 1H), 1.78-1.71 (m, 3H), 1.57-1.47 

(m, 1H) ppm; 13C NMR (75 MHz, CDCl3) δ 149.8, 139.7, 135.8, 129.2, 110.1, 108.7, 41.2, 31.2, 

27.3, 24.3, 20.8 ppm; HRMS (EI) (m/z) [M] C11H16 calcd. for 148.1252, found 148.1251. Data 

are consistent with the literature.[36] 

 

(1R,5S)-6,6-dimethyl-2-vinylbicyclo[3.1.1]hept-2-ene (2ac): According to 

Procedure 11. Yield: 9.0 mg, 30%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 

6.37 (dd, J = 10.8, 17.6 Hz, 1H), 5.59-5.53 (m, 1H), 5.05 (d, J = 17.2 Hz, 1H), 4.89 

(d, J = 10.8 Hz, 1H), 2.57 (t, J = 5.2 Hz, 1H), 2.46-2.41 (m, 1H), 2.39-2.27 (m, 2H), 2.17-2.09 

(m, 1H), 1.33 (s, 3H), 1.14 (d, J = 8.8 Hz, 1H), 0.80 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) 

δ 146.8, 137.8, 124.5, 109.6, 41.0, 40.3, 37.69, 3.9, 31.2, 26.4, 20.7 ppm; HRMS (EI) (m/z) [M] 

C11H16 calcd. for 148.1252, found 148.1251. Data are consistent with the literature.[37]  

 

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-vinylbenzoate (2ad): 

According to Procedure 11. Yield: 26.0 mg, 45%; colorless liquid; 1H NMR 

(400 MHz, CDCl3) δ 7.85-7.74 (m, 2H), 7.30-7.20 (m, 2H), 6.54 (dd, J = 

10.8, 17.6 Hz, 1H), 5.65 (d, J = 17.6 Hz, 1H), 5.16 (d, J = 10.8 Hz, 1H), 4.72 (dt, J = 4.4, 10.8 

Hz, 1H), 1.96-1.88 (m, 1H), 1.80-1.70 (m, 1H), 1.57-1.47 (m, 2H), 1.41-1.29 (m, 2H), 0.98-0.84 

(m, 2H), 0.79-0.73 (m, 1H), 0.73-0.69 (m, 6H), 0.59 (d, J = 6.8 Hz, 3H) ppm; 13C NMR (100 

MHz, CDCl3) δ 165.9, 141.8, 136.1, 130.0, 129.9, 126.1, 116.3, 74.8, 47.3, 41.0, 34.4, 31.5, 26.6, 

23.7, 22.1, 20.8, 16.6 ppm; HRMS (ESI) (m/z) [M+H]+ C19H27O2 calcd. for 287.1933, found 

286.1920. Data are consistent with the literature.[38] 

 

(E)-3,7-dimethylocta-2,6-dien-1-yl 4-vinylbenzoate (2ae): 

According to Procedure 11. Yield: 30.0 mg, 52%; colorless 

liquid; 1H NMR (400 MHz, CDCl3) δ 7.84-7.76 (m, 2H), 7.29-7.21 (m, 2H), 6.55 (dd, J = 10.8, 

17.2 Hz, 1H), 5.65 (d, J = 17.2 Hz, 1H), 5.32-5.23 (m, 1H), 5.17 (d, J = 10.8 Hz, 1H), 4.95-4.84 

(m, 1H), 4.64 (d, J = 7.2 Hz, 2H), 1.97-1.83 (m, 4H), 1.57 (s, 3H), 1.48 (s, 3H), 1.40 (s, 3H) ppm; 
13C NMR (100 MHz, CDCl3) δ 166.4, 142.3, 141.8, 136.1, 131.9, 129.9, 129.7, 126.1, 123.8, 
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118.5, 116.4, 61.9, 39.6, 26.3, 25.7, 17.7, 16.6 ppm; HRMS (ESI) (m/z) [M+H]+ C19H25O2 calcd. 

for 285.1849, found 285.1847.  

 

(4R,4aS,6R)-4,4a-dimethyl-6-(prop-1-en-2-yl)-2,3,4,4a,5,6,7,8-

octahydronaphthalen-2-yl 4-vinylbenzoate (2af): According to 

Procedure 11. Yield: 26.0 mg, 37%; colorless liquid; 1H NMR (400 

MHz, CDCl3) δ 7.86-7.76 (m, 2H), 7.30-7.21 (m, 2H), 6.55 (dd, J = 10.8, 17.6 Hz, 1H), 5.66 (d, 

J = 17.6 Hz, 1H), 5.41-5.34 (m, 1H), 5.22-5.15 (m, 2H), 4.54-4.46 (m, 2H), 2.21-2.12 (m, 1H), 

2.10-2.01 (m, 1H), 2.00-1.93 (m, 1H), 1.75-1.60 (m, 3H), 1.53 (s, 3H), 1.52-1.36 (m, 3H), 1.09-

1.02 (m, 1H), 0.86 (s, 3H), 0.74 (d, J = 6.0 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 166.3, 

150.1, 147.9, 141.8, 136.1, 129.9 (one carbon is overlapping), 126.0, 120.2, 116.3, 108.7, 71.6, 

44.51, 40.8, 39.2, 38.2, 32.8, 32.7, 32.4, 20.8, 18.2, 15.4 ppm; HRMS (ESI) (m/z) [M+Na]+ 

C24H30NaO2 calcd. for 373.2138, found 373.2140.  

 

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-

6-methylheptan-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-

1H-cyclopenta[a]phenanthren-3-yl 4-vinylbenzoate (2ag): Yield: 41.0 mg, 40%; white solid, 

m.p. 179-181 °C; 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.4 Hz, 

2H), 6.55 (dd, J = 10.8, 17.6 Hz, 1H), 5.66 (d, J = 17.6 Hz, 1H), 5.22 (d, J = 4.0 Hz, 1H), 5.17 (d, 

J = 11.2 Hz, 1H), 4.72-4.58 (m, 1H), 2.27 (d, J = 7.6 Hz, 2H), 1.87-1.75 (m, 3H), 1.75-1.68 (m, 

1H), 1.67-1.57 (m, 1H), 1.57-1.46 (m, 1H), 1.44-1.25 (m, 6H), 1.22-1.11 (m, 3H), 1.11-0.88 (m, 

8H), 0.87 (s, 3H), 0.86-0.75 (m, 4H), 0.73 (d, J = 6.4 Hz, 3H), 0.68 (dd, J = 2.0, 6.8 Hz, 6H), 0.49 

(s, 3H) ppm; 13C NMR (100 MHz, CDCl3) δ 165.8, 141.8, 139.7, 136.1, 130.0, 129.9, 126.0, 

122.8, 116.3, 74.6, 56.7, 56.2, 50.1, 42.4, 39.8, 39.6, 38.3, 37.1, 36.7, 36.2, 35.8, 32.0, 31.9, 28.3, 

28.1, 27.9, 24.3, 23.9, 22.9, 22.6, 21.1, 19.4, 18.8, 11.9 ppm; HRMS (ESI) (m/z) [M]+ C36H52O2 

calcd. for 516.3967, found 516.3967. Data are consistent with the literature.[39] 

 

1-(2-chloro-2-phenylvinyl)-4-(trifluoromethyl)benzene (2ah): According 

to Procedure 11. Yield: 39 mg, 69%; as a mixture of isomers, E-/Z- = 2.2:1; 
1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.4 Hz, 0.63H, the Z- isomer), 

7.84 (d, J = 7.6 Hz, 0.63H, the Z- isomer), 7.74 (d, J = 8.4 Hz, 0.66H, the Z- isomer), 7.64 (d, J = 

8.0 Hz, 1.38H, the E- isomer), 7.57 (d, J = 8.4 Hz, 1.19H, the E- isomer), 7.50 (d, J = 7.6 Hz, 

0.67H, the E isomer), 7.43 (d, J = 7.2 Hz, 0.32H, the Z- isomer), 7.29-7.25 (m, 1.19H, the E- 

isomer), 7.25-7.23 (m, 0.61H, the Z- isomer), 7.21 (s, 0.31H, the Z- isomer), 7.11 (s, 0.60H, the 

E- isomer), 7.07-7.02 (m, 1.22H, the E- isomer) ppm; 19F NMR (377 MHz, CDCl3) δ -63.2 



CHAPTER 3 
 

127 
 

(0.46F, the E- isomer), -63.3 (1F, the Z- isomer) ppm. The isomer below was isolated by careful 

chromatography for characterization and identity confirmation: 

 

(Z)-1-(2-chloro-2-phenylvinyl)-4-(trifluoromethyl)benzene (Z-2ah): 

According to Procedure 11. White solid, m.p. 143-144 °C; 1H NMR (400 

MHz, CDCl3) δ 7.94 (d, J = 8.0 Hz, 2H), 7.88 (d, J = 7.2 Hz, 2H), 7.79 (d, J 

= 8.0 Hz, 2H), 7.58-7.52 (m, 2H), 7.50-7.44 (m, 1H), 7.26 (s, 1H) ppm; 13C NMR (100 MHz, 

CDCl3) δ 142.7, 134.7, 130.6 (q, JC-F = 32.4 Hz), 130.5, 129.6, 128.6, 128.4, 128.0, 127.0, 125.5 

(q, JC-F = 3.8 Hz), 124.0 (q, JC-F = 270.4 Hz); 19F NMR (377 MHz, CDCl3) δ -63.2 ppm; HRMS 

(ESI) (m/z) [M+H]+ C15H11
35ClF3 calcd. for 283.0496, found 283.0423. 

 

1,2-diphenylethane (2ai): According to Procedure 11. Yield: 19.0 mg, 51%; 

colorless crystal, m.p. 46 °C; 1H NMR (400 MHz, CDCl3) δ 7.38-7.32 (m, 4H), 

7.29-7.23 (m, 6H), 2.99 (s, 4H) ppm; 13C NMR (100 MHz, CDCl3) δ 141.8, 128.5, 128.4, 125.9, 

37.8 (2C) ppm; HRMS (ESI) (m/z) [M] C14H14 calcd. for 182.1096, found 182.1101. Data are 

consistent with the literature.[40]  

 

(S)-1-methyl-4-(prop-1-en-2-yl)cyclohex-1-ene (2aj): According to Procedure 

11. Yield: 12.5 mg, 46%; colorless liquid; 1H NMR (400 MHz, CDCl3) δ 5.46-5.35 

(m, 1H), 4.71 (s, 2H), 2.15-2.00 (m, 3H), 2.00-1.87 (m, 2H), 1.84-1.76 (m, 1H), 1.75-1.71 (m, 

3H), 1.68-1.62 (m, 3H), 1.54-1.40 (m, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 150.3, 133.8, 

120.7, 108.4, 41.1, 30.8, 30.6, 27.9, 23.5, 20.8 ppm; HRMS (ESI) (m/z) [M] C10H16 calcd. for 

136.1252, found 136.1248. Data are consistent with the literature.[41]  
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 Cyclic Voltammetry 

 

Cyclic voltammetry was conducted using a three-electrode setup consisting of a glassy carbon 

disc working electrode ‘WE’ (d = 3.0 mm, BASi MF-2012), an Ag/AgCl wire reference electrode 

‘RE’ (containing sat. aq. KCl) and a platinum wire counter-electrode ‘CE’. Electrochemical 

measurements were carried out using an Metrohm Autolab PGSTAT 302N potentiostat at room 

temperature (298 K). Before use and between measurements, the WE was mechanically cleaned 

by polishing (Buehler Metadi Diamond polishing 1 Micron) and rinsed with distilled water 

repeatedly until its surface was reflective by eye, then allowed to air dry. The RE was washed 

with electrolyte solution and distilled water and stored in 3.0 M aq. KCl when not in use/between 

measurements. The CE was cleaned by soaking in 2.0 M HCl for 1-2 h, then rinsed with distilled 

water and allowed to air dry. Ferrocene was recrystallized twice from n-hexane prior to use. 
nBu4N.PF6 (‘TBAP’) was used as supplied commercially from TCI (98%+). Unless otherwise 

stated, all solutions were prepared at 10.0 mM concentration (in 0.1 M TBAP that had been 

bubbled for 5 min with Ar prior to the analyte being added) and were purged with Ar bubbling 

for 5 min prior to recording CV. After measuring one CV scan, Ferrocene (2.2 mg, 12 μmol) was 

added and the mixture purged with Ar bubbling for 5 min prior to recording CV again. Data 

acquisition and processing were performed with Metrohm Autolab Nova 1.10.4. The given redox 

potentials were calculated as follows: Potential of sample vs. Ag/AgCl, minus potential of 

Ferrocene/Ferrocenium couple against Ag/AgCl, plug correction of +0.38 V for conversion to vs. 

saturated calomel electrode (vs. SCE). A peak height of 30 μA corresponds to a one-electron 

reduction event. Cyclic voltammograms of NpMI and nBuO-NpMI reveal reversible, one-electron 

reductions at −1,32 V (vs. SCE) for NpMI and −1.4 V (vs. SCE) for nBuO-NpMI (Figure S3). 

The second reductions of both catalysts are irreversible at a measured potential of > −2.0 V. 
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Figure S 3. Cyclic voltammograms of NpMI and nBuO-NpMI in ACN (0.1 M TBAP) vs. Ferrocene. 
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A peak height of 50 μA reveals a one-electron reduction event. Cyclic voltammograms of 1g, 1ai 

and 1d with increasingly negative potential up to −3.00 V (vs. SCE) reveal single one-electron 

irreversible reductions (see Figure S4). For 1a, an irreversible one-electron reduction occurs at 

−2.23 V, followed by a reversible one-electron reduction at −2.29 V. The former corresponds to 

irreversible one-electron reductions of the phosphinates, while the latter event may correspond to 

a reversible reduction of the stilbene product, given a similar value to the literature potential for 

this reduction (Ep
red = −3.0 V vs. Ferrocene (0.1 M nBu4N·Br in ACN).[42] The DFT calculated 

phosphinate redox potential was Ep red = −2.60 V vs. SCE (Section S18 for methods). For 1o, a 

superposition of two irreversible one-electron reductions appears to occur at −2.60 V (vs. SCE). 

Given the calculated phosphinate redox potential (Ep
red = −2.45 V vs. SCE) from DFT calculations 

(Section S18), together with the literature value for chlorobenzene (Ep
red = −2.78 V vs. SCE),[43] 

we propose that this peak may derive from the similar Ep
red values of the phosphinate and aryl 

chloride moieties. A similar pattern occurs for 1r, with a superposition of two irreversible one-

electron reductions at −2.33 V and −2.46 V. The DFT calculated phosphinate redox potential is 

Ep red = −2.44 V vs. SCE from DFT calculations (Section S18 for methods). The literature value 

for bromobenzene (Ep red = −2.44 V vs. SCE),[43] Given that the redox potential of all other 

phosphinates measured herein (except 1a) exceed −2.40 V, and that the peak potential of aryl 

chloride 1o was 0.18 V more positive than the literature potential of chlorobenzene, we presume 

the 44 first reduction peak corresponds to the aryl bromide (0.11 V more positive than the 

literature potential of bromobenzene) For 1o and 1r, at more negative potentials a third 

irreversible one-electron reduction occurs in each case at −2.95 V and −2.82 V, respectively. 

These peaks may derive from reduction of the halostyrene products, given that the styrenes require 

more negative potentials.[44] For 1aa, an irreversible two-electron reduction occurs at −2.42 V, 

followed by a reversible one-electron reduction at −2.54 V (vs. SCE) respectively. The behavior 

cannot be rationalized at this stage. Substrate 1al exhibits a quasi-reversible one-electron 

reduction at −2.63 V (vs. SCE). 
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Figure S 4. Cyclic voltammograms of phosphinates in ACN (0.1 M TBAP) vs. Ferrocene. 
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 Spectroelectrochemistry of Catalysts 

 

To confirm the selectivity benefit of e-PRC, we subjected substrates 1p and 1r to direct 

electrolysis at −3.0 V in the absence of catalyst and light and at 60 °C (Scheme S1). The relevance 

for higher temperature comes from a previous report already showed that no reaction occurred at 

similar applied constant potentials at rt, and that 60-110 °C was required for C(sp3)-O cleavage.[11] 

In both cases, full conversion occurred to a complex mixture of products. No olefination products 

were observed. The detrimental effect of high applied constant potentials in e-PRC reactions can 

also be found in the main manuscript, Table 1, entry 1. 

      
nBu4N.PF6 (0.15 M in MeCN)

Ecell= -3.0 V
60°C, N2, 12 h

Fe() Zn()
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P
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O
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(full conversion of 1p)
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Scheme S 1. Direct electrolysis at room temperature and 60°C. 

 

Chrono amperometry was measured in an Ottle Cell (optically transparent thin-layer 

electrochemical cell) with Pt mini-grid as working and counter electrode, an Ag wire as pseudo 

reference electrode and a path length of 0.02 cm. Samples were prepared as 1.5 mM or 2.5 mM 

solutions of NpMI and nBuO-NpMI, respectively, in ACN (0.1 M Bu4N·PF6). After degassing 

by bubbling the sample with Ar for 5 min, an increasingly negative potential from 0 to −1.6 V 

was applied and consecutive UV-Vis absorption spectra were recorded at 20 s intervals via the  

Figure S 5. Consecutive UV-Vis spectra (from red to teal) of NpMI (left) and nBuO-NpMI (right) from 
chronoamperometry. 
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Agilent 8453 spectrometer. The UV-Vis spectra show, for both NpMI and nBuO-NpMI (Figure 

S5), a decrease in the 330 - 350 nm band intensity accompanied by an increase in new bands at 

270 nm, 415 nm, a broad band between 430-530 nm (with a peak at 490 nm) and a broad band 

between 600 - 900 nm (with peaks at 745 nm and 830 nm).  

 

 UV-Vis Spectroscopy of Electrogenerated Radical Anions 

 

The reductions of NpMI and nBuO-NpMI (2.5 mM in 0.1 M Bu4N·PF6) were performed accordingly to 

Procedure 11 without a phosphinate substrate. A green color was observed in the cathodic half-chamber of 

the divided cell. After 1 h, the contents of the cathodic chamber were taken for UV-Vis analysis. For 

samples in the presence of 1d, the solid substrate was measured into a vial and the total cathodic chamber 

mixture was added to achieve the concentration of the preparative reactions. Then, 25.0 µL of this mixture 

were added to a quartz cuvette which was made up to 2.0 mL total volume with anhydrous, degassed ACN.  

Samples were then covered in aluminum foil to prevent penetration of ambient light. Samples that had been 

stored in the dark were analyzed by UV-Vis. Then, samples were irradiated with blue light by a 440 nm 

single-spot LED perpendicular to the beam path of the spectrometer.  

The UV-Vis spectra of electrochemically reduced NpMI and nBuO-NpMI show (Figure S6) the appearance 

of new bands for their radical anions with λmax values (415 nm, 490 nm, 745 nm and 830 nm) in perfect 

agreement with their spectroelectrochemical analysis (Section S12). The radical anions are stable in the 

presence of 1d in the dark (bordeaux line vs. black line are superimposed). Irradiation of the radical anions 

in the presence of 1d leads to a clear decrease in the aforementioned peaks of the radical anion and 

regeneration of the neutral species NpMI and nBuO-NpMI (333 nm and 350 nm bands). This confirms that 

SET is successful from both photoexcited radical anions to 1d. No difference could be observed between 

the UV-Vis spectra of nBuO -NpMI•− vs. nBuO-NpMI•− + 1d (Figure S7) 

 

Figure S 6. UV-Vis spectra of electroreduced e-PRCats in the presence of substrate 1d, in the dark and after 440 nm 
irradiation of samples. 
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Figure S 7. UV-Vis spectra of electroreduced nBuO-NpMI in the presence of substrate 1d. 

 

Online UV-Vis measurements were performed on an Agilent 8453 spectrometer using an ISMATEC 

ISM930C dosing pump to continuously pump the catholyte (1 mL/min) through a quartz flow cell 

(pathlength 1.0 cm). The concentration of nBuO-NpMI was decreased to one-sixth of the conditions in 

Procedure 11, spectra were recorded at 10 min intervals. Monitoring the olefination reaction of 1d under 

the preparative conditions via UV-Vis spectroscopy over a timescale of 100 min, the 330 nm and 350 nm 

bands of the neutral nBuO-NpMI were increasing. The radical anion was difficult to observe at all. Since 

the radical anion is highly reactive under irradiation in the presence of 1d, no buildup can be observed by 

UV-Vis spectroscopy. Instead, we observed a new feature arising between 450-600 nm (λmax = 510, 

545 nm), which might originate from oxidative processes (see Figure S8).  
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Figure S 8. Consecutively recorded online UV-Vis spectra (from red to teal) of the olefination of 1d by nBuO-NpMI. 
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 Steady-State Luminescence Emission Spectroscopy 

 

Steady-state luminescence measurements were performed on a Horiba® Scientific FluoroMax-4 

instrument, which comprised a USHIO S150MO xenon short arc lamp as an excitation source, 

200 - 900 nm double grating excitation and emission monochromators and a R298 Hamamatsu 

photomultiplier tube. The integration time was set to 0.1 s and the slid widths were 3 nm for both 

excitation and emission. For neutral e-PRCats, the excitation monochromator was set to 352 nm 

and emission was set to measure 360 - 600 nm. For electroreduced e-PRCats, the excitation 

monochromator was set to 440 nm and emission was set to measure 460 - 800 nm. A signal 

detector (S1) was enabled to measure the intensity signal (counts s-1) and a reference detector (R1) 

was enabled to compensate for light source fluctuations (μA). Therefore, ‘Counts’ refers to S1/R1 

with the unit s-1 / μA but is given arbitrary units (a.u) for simplicity. FluoroEssence V3.9 software 

was used for data acquisition and processing. Sample preparation follows that described in 

Section S13 for UV-Vis spectroscopy. The excitation spectra of neutral and electroreduced e-

PRCats (NpMI and nBuO-NpMI), determined by scanning excitation wavelength at the peak 

emission wavelength, are reported in this section as overlays with their steady-state emission 

spectra (Figure S9).  

The emission bands of neutral NpMI and nBuO-NpMI were identical (λmax = 412 nm) when 

excited at 352 nm (Figure S9). The emission band corresponded to the determined excitation, 

exhibiting maxima at 320 nm (both NpMI and nBuO-NpMI), 355 nm (NpMI) and 360 nm (nBuO-

NpMI). The differences between excitation and emission band maxima were ca. 50 nm in both 

cases, corroborating fluorescence from the singlet state, rather than phosphorescence. The 

excitation emission spectra herein accord with the absorption fluorescence spectra of a previous 

report.[50] 

 

Figure S 9. Excitation and emission spectra of the used catalysts in neutral and reduced forms: nBuO-NpMI (left), 
NpMI (right), at excitation of λ = 352 nm. 

200 300 400 500 600
0,0

0,5

1,0

1,5

2,0

2,5

3,0  Excitation of NpMI
 Emission of NpMI (ex = 352 nm)

 Emission of NpMI.- (ex = 352 nm)

(nm)

A
b

so
rb

a
nc

e 
(a

.u
.) 412

360

320

412

535

379

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

 c
o

un
ts

 x
 1

0
6  (

a
.u

.)

 Excitation and Emission of NpMI  

200 300 400 500 600
0,0

0,5

1,0

1,5

2,0

2,5

3,0
 Excitation of nBuO-NpMI

 Emission of nBuO-NpMI (ex = 352 nm)

 Emission of nBuO-NpMI.- (ex = 352 nm)

 (nm)

A
bs

or
ba

nc
e 

(a
.u

.)

412355

320

412
542

378

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

 c
ou

nt
s 

x 
10

6
 (

a.
u

.)

 Excitation and Emission of nBuO-NpMI  



CHAPTER 3 
 

135 
 

The emission bands of NpMI•− and nBuO-NpMI•− were similar (λmax ≈ 540 nm) when excited at 

352 nm. The electroreduction step was not 100% efficient, since neutral NpMI and nBuO-NpMI 

remained (Figure S10). When excited at 440 nm, selective excitation of NpMI•− and nBuO-NpMI•− 

revealed only the longer wavelength emitting species (λmax ≈ 540 nm). The emission band 

corresponded to the determined excitation, exhibiting maxima at ca. 282 nm (both NpMI•− and 
nBuO-NpMI•−, at 378 nm (both NpMI•− and nBuO-NpMI•−), at 460 nm (nBuO-NpMI•−) and 466 

nm (NpMI•−). The differences between excitation and emission band maxima were ca. 90 nm in 

both cases, corroborating phosphorescence. The excitation band was different from the UV vis 

absorption bands of NpMI•− and nBuO-NpMI•− generated by spectroelectrochemical or 

preparative electrolytic measurements. Therefore, the emission belongs to a different photoactive 

species, not the doublet state of the radical anion, but a lower energy, longer-lived excited state 

(termed ES1). 
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Figure S 10. Excitation and emission spectra of the used catalysts in the reduced forms: nBuO-NpMI•− (left), NpMI•− 

(right), at excitation of λ = 440 nm. 

 

The intersection wavelength of the excitation (most red-shifted) and emission (most blue-shifted) 

bands provides an estimate of the lowest excites state energy of the emitting species.[45] On the 

basis of literature and recorded lifetimes covered in the following section, we propose the emitters 

derived from neutral e-PRCats are triplet states, while the emitters derived from electroreduced 

e-PRCats are quartet states. For NpMI and nBuO-NpMI, these intersection wavelengths are 379 

nm (ET = 75.4 kcal mol-1) and 378 nm (ET = 75.6 kcal mol-1) respectively. For NpMI•− and nBuO-

NpMI•−, this intersection wavelength is estimated by extrapolation to be 505 nm (EQ = 56.6 kcal 

mol-1) in both cases.   
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 Lifetime Measurement 

 

Luminescence lifetimes were determined by time-correlated single photon counting (TCSPC) via 

a Horiba® Scientific DeltraPro™ system equipped with a Horiba Scientific DeltaDiode™ laser 

(pulsed excitation at 352 nm or 452 nm with a typical pulse width of 80 ps and a maximum 

repetition rate of 100 MHz). For neutral catalysts, λex = 352 nm was used. For electroreduced 

catalysts, λex = 452 nm was used. An emission monochromator was not employed. Instead, a 

bandpass filter was used and photons counted correspond to wavelengths from > 400 nm (neutral 

catalyst) or >500 nm (electroreduced catalysts) measurement range. An ND1 filter Data were 

collected either on the 100 ns (neutral catalysts) or 400 ns (electroreducted catalysts) measurement 

range. Low absorption was maintained at the excitation wavelength (A = 0.1) by the use of ND1 

cut-off filter at the excitation and lifetimes were measured at the magic angle (54.7o). Sample 

preparation follows that described in Section S13 for UV-Vis spectroscopy. Lifetimes were 

obtained using Horiba DAS6 decay analysis software where decays were fitted to one or two 

exponentials (as necessary to minimize the χ2 fitting value).  

*NOTE – In this section, the labels NpMI•− and nBuO-NpMI•− are used which refer to the samples’ 

spectral data measured after electroreduction of NpMI and nBuO-NpMI. We do not claim to 

assign lifetimes to doublet states. The paragraphs below detail our proposals for luminescent 

species* 

Luminescence lifetime measurements on the reduced nBuO-NpMI revealed a biexponential decay 

for the emitting species. The lifetimes recorded for nBuO-NpMI•− (τ1 = 6.8 ns, τ2 = 19.5 ns) and 

NpMI•− (τ1 = 8.1 ns, τ2 = 20.3 ns) following electroreductions for 1 h, were very similar to each 

other, and were longer than their neutral precursors (Figure S11 and Figure S12, left vs. Figure 

S12, right). The longer contributor to the decay (ca. 20 ns) is likely to be longer lived than this 

number suggests due to the restricted measurement time domain. A quartet state (presumably, 

Q1), resulting from rapid intersystem crossing from the excited doublet states (Dn) of the reduced 

e-PRCats, is one candidate for this emitting species, since our EPR studies confirm the radical 

anion’s doublet state is initially formed and reactive to SET. EPR. However, other possibilities, 

such as aggregation of the radical anion[46] or an excimer cannot be ruled out at this stage. The 

doublet states of similar species (perylene diimides and naphthalene diimides) are reported to be 

ultrashort(picosecond)-lived and do not undergo luminescence.[47-49]. A previously reported 

attempt to measure the lifetime of a 2[N-arylnaphthalimide]•−* derived from a neutral precursor 

that is a direct analog of NpMI, was unsuccessful and led to rapid decomposition of the sample 

under the conditions of transient absorption spectroscopy.[47]  
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Figure S 11. TCSPC of electroreduced nBuO-NpMI after 1 h (left) and 3 h (right) at −1.6 V. 

Figure S 12. TCSPC of electroreduced NpMI after 1 h at −1.6 V (left). TCSPC of nBuO-NpMI and NpMI neutral species 

(right).  

 

The presence of 1d (10 equiv.) did not significantly change the measured lifetime of nBuO-

NpMI•−. (Figure S11 left). We postulated whether the gradual color change from green to orange 

during an increased electroreduction time (from 1 - 3 h) would give rise to a different photoactive 

species, but similar results were obtained (Figure S11, right). A comparison of the neutral 

catalysts NpMI and nBuO-NpMI reveals similar lifetimes of 3.2 ns (Figure S12, right). These 

lifetimes are longer than previously reported lifetimes of singlet states of N-aryl-1,8-

napthalimides,[50] where intersystem crossing is reported to occur to a triplet state (presumably, 

T1).[51] However, phosphorescence is not reported for N-aryl-1,8-naphthalimides for which the 

N-aryl group rotation is considerably hindered. The discrepancy between lifetimes measured 

herein and therein[50] could be due to different sample preparations (inert, glovebox conditions 

were used herein, no mention is present in the previous study), different solvent media (0.1 M 

nBu4N.PF6 is present herein), or developments in TCSPC detector timing electronics over the 
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last two decades. Therefore, we assign the observed emitters are the singlet states (S1) of NpMI 

and nBuO-NpMI. 

 

 NMR Investigations of Preassociation 

 

*NOTE – In this section, the label nBuO-NpMI•− is used which refers to the samples’ spectral data 

measured after electroreduction of nBuO-NpMI.* 

1H NMR of nBuO-NpMI•− was measured by performing the electroreduction of nBuO-NpMI (2.5 

mM) in ACN-d3 (0.1 M nBu4N.PF6) within a glovebox and then transferring the cathodic chamber 

solution to a sealed NMR tube. As expected for the open shell radical anion, the NMR was silent 

(Figures S13-14). The process was repeated, adding the cathodic chamber solution to 1d (10 eq. 

with respect to neutral precursor nBuO-NpMI) before transferring the resulting solution to a sealed 

NMR tube. The NMR of nBuO-NpMI•− again was silent and no significant shifts could be seen in 

the 1H (aromatic or aliphatic) or 31P NMR peaks of 1d (Figures S15-19). Unfortunately, 

preassociation between nBuO-NpMI•− and 1d could not be detected by NMR experiments. 

 

 

Figure S 13. 1H NMR of nBuO-NpMI after (top) and before (bottom) electroreduction. Aromatic region. 
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Figure S 14. 1H NMR of nBuO-NpMI after (top) and before (bottom) electroreduction. Aliphatic region. 

 

 

Figure S 15. 1H NMR of nBuO-NpMI in the presence of 1d (10 eq.) after (top) and before (bottom) electroreduction. 
Aromatic region. 
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Figure S 16. 1H NMR of nBuO-NpMI in the presence of 1d (10 eq.) after (top) and before (bottom) electroreduction. 
Aliphatic region. 

 

 

Figure S 17. 31P NMR of nBuO-NpMI in the presence of 1d (10 eq.) after (top) and before (bottom) electroreduction. 
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Figure S 18. 31P NMR of nBuO-NpMI in the presence of 1d (10 eq.) after (top) and before (bottom) electroreduction 
(expanded, electrolyte region). 

 

 

Figure S 19. 31P NMR of nBuO-NpMI in the presence of 1d (10 eq.) after (top) and before (bottom) electroreduction 
(expanded, 1d region). 
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 FT-IR Spectroscopy 

 

*NOTE – In this section, the label nBuO-NpMI•− is used which refers to the samples’ spectral data 

measured after electroreduction of nBuO-NpMI.* 

FT-IR spectra of nBuO-NpMI•− were measured by performing the electroreduction of nBuO-NpMI 

(2.5 mM) in ACN (0.1 M nBu4N. PF6) within a glovebox and then transferring the cathodic 

chamber solution to a NaCl cell as a thin film. The process was repeated, adding the cathodic 

chamber solution to 1d (1.0 eq. was used with respect to neutral precursor nBuO-NpMI) before 

transferring the resulting solution to the FTIR cell between NaCl discs. Control samples of 1d 

only or solvent only were prepared in the same way (without electroreduction). We opted for only 

1.0 eq. of 1d due to concerns that 10 eq. of 1d (as used in 1H NMR and UV-Vis studies) would 

swamp the IR signals of nBuO-NpMI•−. The IR signals of the solvent (0.1 M nBu4N. PF6 in ACN) 

dominated spectra and obvious shifts in the peak wavenumbers were not apparent (Figure S20). 

The only detectable small shifts occurred i) at 1668 cm-1 (nBuO-NpMI•−) which red-shifted to 

1666 cm-1 in the presence of 1d, and ii) at 1242 cm-1 (nBuO-NpMI•−) which red-shifted to 1239 

cm-1 in the presence of 1d (Figures S21-22). While these spectral shifts appear minor, they cannot 

be dismissed as experimental artifacts, since other peaks in the IR spectra overlay perfectly (1827, 

1711, 1039, 918 cm-1). FT-IR spectroscopy is a highly sensitive technique and has been utilized 

in the detection of non-covalent interactions, such as CH- interactions in secondary folding of 

proteins.[51] Shifts in vibrational frequencies of 2-5 cm-1 have been reported for dimers/trimers of 

aromatic compounds binding via noncovalent interactions.[52] 

Figure S 20. IR spectra of electroreduced nBuO-NpMI in the presence of 1d (1.0 eq.) and comparison to individual 
components. 
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Figure S 21. IR spectra of electroreduced nBuO-NpMI in the presence of 1d (1.0 eq.) and comparison to individual 

components. Expansion of 1600-1850 cm-1 region. 
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Figure S 22. IR spectra of electroreduced nBuO-NpMI in the presence of 1d (1.0 eq.) and comparison to individual 
components. Expansion of 900-1250 cm-1 region. 
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 Emission Spectra of LEDs 

 

Our method to compare LED emission intensity was previously reported,[2] using a BWTEK Inc. 

Exemplar LS optical fiber spectrometer. Reproducibility of the method was confirmed in our 

previous study by comparing different batches of commercially-supplied LEDs.[2] The 

wavelengths and relative emission intensities of LEDs used in this study are reported in Table S6. 

The preparative yields of the reaction forming 2d are shown earlier in Table S1.  

Although the relative intensity maximum and relative intensity total peak area of the 440 nm 

LEDs is higher than other LEDs overall (Figure S23), the overlap of the 740 nm LED with the 

near-IR spectral bands of nBuO-NpMI•− is similar to the overlap of the 440 nm LED with the near-

UV band (Figure S24, right). However, no product was observed with 740 nm LED irradiation. 

This supports the conclusion of higher order photoexcited state participation to rationalize 

wavelength dependence on yield. Higher power LEDs (400 nm, 519 nm) gave improvements in 

product yields from trace levels, but the standard 440 nm LED was always superior. Although the 

high power 400 nm LED has the greatest overlap of any LED with the near-UV spectral band of 
nBuO-NpMI•− , we propose that either (i) the neutral nBuO-NpMI also competes for light at this 

wavelength and shields photoexcitation of the nBuO-NpMI•− or (ii) higher doublet states accessed 

at 400 nm do not exhibit charge transfer behavior as identified by DFT-MRCI calculations 

(Section 18).  
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Figure S 23. Emission spectra of LEDs used throughout the study at a fixed measurement distance. 
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Table S 6. Characterization of LEDs used in this study and their measured wavelengths, optical powers and relative emitting intensities.  

Manufacturer Model/ Brand 
Input Power 
per LED (W) 

LED λmax 

(nm) 
Luminous Flux 

Peak intensity, 
directly above 

LEDa (a.u.) at λmax 

Peak area, directly 
above LEDa (a.u.) 

Peak intensity at 
λmax of nBuO-NpMI 

CCS (Creating Customer Satisfaction) Inc. LDL-71X12UV12-365-N 1.5 366 [70 mW / cm2]b 57834c 627320c - 
Edison Edixeon Edison EDEV-SLC1-03 3.5 400 0.35 W @ 700 mA 4788 43835 1859 (λmax = 415 nm) 

OSRAM Oslon (batch 1) 
Oslon SSL 80 LDCQ7P-

2U3U LT1960 
3.3 440 1.5 W @ 1000 mA 32040 693549 

2215 (λmax = 415 nm) 
1698 (λmax = 491 nm) 

OSRAM Oslon (batch 2) 
Oslon SSL 80 LDCQ7P-

2U3U LT1960 
3.3 440 1.5 W @ 1000 mA 31542 610066 

2618 (λmax = 415 nm) 
1586 (λmax = 491 nm) 

OSRAM Oslon 
Oslon SSL 80 LDCQ7P-

2U3U LT1966 
1.1 528 97 lm @ 350 mA 3508 89889 1539 (λmax = 491 nm) 

LED Engin LZ4-00R308 
6.3 

 
729 2.1 W @ 700 mA 8920 292177 5198 (λmax = 745 nm) 

LED Engin LZ4-00R608 8.7 854 3.8 W @ 700 mA 2965 49816 1847 (λmax = 830 nm) 
aMeasured by a BWTEC optical fiber spectrometer at a distance of 30 cm directly above the LED. The maximum observed intensity was recorded. The baseline (y axis) was ca. 1400 a.u. in each 
case. bMaximum intensity (mW / cm2) reported by supplier at a 3 cm distance from LED. cThe intensity-tunable LED was used at BRT100 setting for the preparative reaction. The mean average value 
of BRT105 and BRT80 (BRT95) was taken. 
 

 
 
Figure S 24. Overlay of UV-Vis spectra of nBuO-NpMI•− (spectroelectrochemistry) and LED emission spectra (calibrated relative intensities) of standard power LEDs used (left), or maximum 
available power LEDs (right). 
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 Electron Paramagnetic Spectroscopy Investigations 

 

As close as possible, EPR samples were prepared to mimic the photoelectrochemical reaction 

conditions. However, 10 eq. of 1d was used instead of 20 eq. in the preparative reactions to ensure 

fully soluble conditions. EPR spectra were measured at 20 °C on a Magnettech MiniScope MS 

400 spectrometer (9.45 GHz) which is a continuous-wave (CW) X-Band (9-10 GHz) 

spectrometer. Spectra were measured with a centered field of 340.7 G, a sweep width of 40.8 mT, 

a sweep time of 60 s, a resolution of 4096, a modulation amplitude of 0.2 mT, a microwave 

attenuation of 10.0 dB, a receiver gain of 20 and a time-constant of 0 s. 

The electroreduction of NpMI and nBuONpMI was performed in accordance with Procedure 11 

without substrate, within nitrogen-filled glovebox (MBraun UNILAB Plus. The 

electrochemically reduced samples were taken from the cathodic half-cell, without diffusion of 

anolyte into the sample, and transferred to Wilmad® quartz EPR tubes (O.D. = 1 mm, 

I.D. = 0.8 mm). Successful transfer was monitored by naked eye, as the reduced catholyte appears 

green (≤ 1 h, -1.6 V) or orange (>1 h, -1.6 V), exposure to air or contact with the anolyte vanishes 

the color instantly. The quartz EPR tubes were placed in a larger quartz tube (O.D. = 5 mm, I.D. 

= 4.5 mm), which was sealed by an NMR cap and parafilm. If measurements were performed in 

presence of 1d, the catholyte was added to a vial containing solid 1d. After complete dissolution, 

the mixture was given into the quartz EPR tube. The sample was then covered in aluminum foil 

to prevent penetration of ambient light. Irradiation with blue light was done by a 440 nm single 

spot LED outside of the EPR-spectrometer. After irradiation for the specified time, the sample 

was returned to the spectrometer for measurement. Hyperfine couplings were extracted from 

simulations done in WINSIM2002 (fitting correlation = >0.995 in each case)[53] 

 

Figure S 25. EPR spectra of electrochemically-reduced NpMI (left) and nBuO-NpMI (right) in the absence and presence 

of 1d (10 eq).  
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Following electroreduction of NpMI for 1 h, a pentet signal at 337.8 mT was detected for NpMI•−. 

Following electroreduction of nBuO-NpMI for 1 h, nBuO-NpMI•− also appears as a pentet at 

338.2 mT. Hyperfine couplings were consistent with the literature for N-phenylnaphthalimide 

radical anion.[54] 

Figure S 26. EPR spectra of electrochemically-reduced NpMI (left) and nBuO-NpMI (right) in the presence of 1d. 

 

In both cases, the intensity of the signal remains constant when kept in the dark (monitored for 

up to 20 min, Figure S26). However, for both NpMI•− and nBuO-NpMI•−, in the presence of 1d 

and upon irradiation with 440 nm for 5min, signals are quenched to lower intensities. After 20 

min of irradiation, signals almost completely disappear (Figure S26). Since both catalysts show 

similar behavior, SET from both NpMI•− and nBuO-NpMI•− to 1d must be successful. This was 

surprising at first, since NpMI is an ineffective e-PRCat in transforming 1d to its olefin product 

2d. Therefore, a subsequent step in the mechanism (likely C(sp3)-O cleavage) must be rate-

determining. For nBuO-NpMI•− in the absence of 1d, irradiation with 440 nm leaves the signal 

unchanged (monitored for up to 20 min, Figure S26, bottom). This evidences against the 

possibility of SET from NpMI•− and nBuO-NpMI•− to the solvent or conducting salt, or suggests 

rapid back electron transfer should such a process occur. 

 

Table S 7. Simulated fitting of various EPR spectra and extracted hyperfine couplings. 

Sample α(H2,7)a α(H3,6)a α(H4,5)a α(N)a 
NpMI•− 4.99 0.69 5.45 1.44 

nBuO-NpMI•− 4.77 0.80 5.61 1.43 
nBuO-NpMI•− + 1d 4.74 0.65 5.77 1.40 

aDetermined using WINSIM2002 by simulated fitting of the spectrum, fitting R > 0.975 in each case.[23] 
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Figure S 27. Assignments of EPR hyperfine couplings. 

 

 
Figure S 28. Simulation of the EPR spectrum of NpMI•−. 

 

 
Figure S 29. Simulation of the EPR spectrum of nBuO-NpMI•−. 
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Figure S 30. Simulation of the EPR spectrum of nBuO-NpMI•−. 
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 Computational Investigations 

 

 General Information 

All calculations were performed using Density Functional Theory (DFT)[55] using the Gaussian16 

software package.[56] All minima were optimized using the B97X-D functional[57] with the 6-

311+G* basis set.[58] Solvation effects were included with the integral equation formalism 

polarizable continuum model (IEFPCM),[59] with default parameters for acetonitrile, in which 

preparative e-PRC reactions and spectroscopy were performed. Frequency calculations were 

performed on all optimized structures in order to characterize minima (zero imaginary 

frequencies). Spin densities and molecular orbitals depicted in the main article and herein were 

visualized using VMD 1.9.3[60] with an iso-value of 0.004 and 0.02, respectively. 

 

 Bond Dissociation Free Energies 

Benchmarks have shown[61] that the range-separated and dispersion-corrected B97X-D 

functional[57] is well-suited to main group thermochemistry, while the use of a triple-zeta basis set 

is generally recommended to mitigate basis set incompleteness errors.[62,63] To further validate our 

DFT results, we calculated the bond dissociation energies of selected compounds with the open-

shell DLPNOCCSD(T)[64] method implemented in ORCA 4.2.1.[65] We used the def2-TZVPPD[66] 

basis set with the def2-TZVPPD/C[67] correlation basis. Tight SCF and PNO convergence criteria 

were applied and solvation effects were treated with the conductor-like polarizable continuum 

model (C-PCM)[68] using default parameters for acetonitrile, in which e-PRC reactions and 

spectroscopy were conducted. The DFT energies are on average 3.5 kcal/mol smaller than those 

obtained with DLPNO-CCSD(T) (Table S8), but the deviation is systematic and the trend is well 

reproduced, thus validating the use of DFT in this context. 

 

Table S 8. Calculated C–O bond dissociation energies (kcal/mol) without thermodynamic corrections at the 
ωB97X-D/6-311+G* and DLPNO-CCSD(T)/def2-TZVPPD levels of theory. 

Phosphinate radical anion DFT DLPNO-CCSD(T) Difference 
1bw -23.44 -28.03 4.59 
1d -19.98 -23.47 3.49 
1g -25.77 -28.86 3.09 
1o -23.87 -27.53 3.66 
1aa -11.99 -15.10 3.10 
1al -8.69 -11.33 2.64 
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Optimized structures were obtained using the theory level (ωB97X-D/6-311+G*) and solvent 

model (IEFPCM) specified in the general part. Bond dissociation free energies ΔG were obtained 

from the frequency analysis at 298.15 K and 1 atm according to:  

 

Δ𝐺 = Δ൫𝐸ୣ୪ୣୡ  +  𝑍𝑃𝑉𝐸 +  Δ𝐺୲୰ୟ୬ୱ,୰୭୲,୴୧ୠ + Δ𝐺ୱ୭୪୴൯. 

 

Here, 𝐸ୣ୪ୣୡ denotes the electronic energies, 𝑍𝑃𝑉𝐸 is the zero point vibrational energy, 

Δ𝐺୲୰ୟ୬ୱ,୰୭୲,୴୧ୠ includes thermal contributions from translations, rotations and vibrations as well 

as entropic terms and Δ𝐺ୱ୭୪୴ is the free energy of solvation. 

 
 Redox Potentials 

We investigated the reduction of a phosphinate substrate P by one electron, given by: 

 

𝑃 + 𝑒ି → 𝑃∙ି 

 

The free energy change Δ𝐺 of this reaction contains the thermally corrected energies 𝐺 of reactant 

and product as well as the thermal contributions of the free electron. There are multiple 

conventions to include the latter[69] and we have chosen the ionic convention where 𝐺(𝑒ି) =

0 eV. 

 

Δ𝐺 = 𝐺(𝑃∙ି) − 𝐺(𝑃) − 𝐺(𝑒ି) 

 

The absolute redox potential 𝐸ୟୠୱ
∘  is related to Δ𝐺 via: 

 

𝐸ୟୠୱ
∘ = −

Δ𝐺

𝑛𝐹
 

 

where 𝑛 is the number of electrons involved in the redox process and 𝐹 is the Faraday constant. 

Since we are only considering one-electron processes here, 𝑛 is 1 in all cases. By supplying the 

energy in eV, the Faraday constant equals the elementary charge and the value of 𝐸ୟୠୱ
∘  is simply 

the negative change in free energy. Δ𝐺 is often calculated[70] by an indirect approach via a 

thermodynamic cycle. There, the reaction free energy is calculated for the gas phase geometries 

and the free energy of solvation Δ𝐺ୱ୭୪୴ is added separately, possibly at a different level of theory, 

while neglecting the structural relaxation in solution. The success of this strategy is rooted at least 

partially in error cancellation effects.[71]   
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We therefore decided to use a simpler approach and calculated Δ𝐺 directly at the optimized 

geometries of reduced and oxidized species in solution,[71a] using the theory level (ωB97X-D/6-

311+G*) and solvent model (IEFPCM) specified in the general part. To compare the calculated 

potential 𝐸ୟୠୱ
∘

 to experimental results, it must be referenced against a standard potential: 

 

𝐸∘ = 𝐸ୟୠୱ
∘ − 𝐸୰ୣ୤ 

 

Here, we used the Fc+/Fc couple as an internal standard against the saturated calomel electrode 

(SCE), whose absolute reduction potential in acetonitrile has been determined computationally as 

4.988 V.[72]  

 
Figure S 31. Correlation between experimental and calculated redox potentials. The dashed black line represents the 
ideal correlation between experiment and theory (slope 1 and y-intercept 0). The blue points and line denote the raw 
data obtained from calculations and the orange points illustrate the final potentials reported in the paper. The starred 
point (1a) was omitted from the fit as an outlier. R2 of the linear regression is 0.54. 

 

The resulting redox potentials should ideally correlate 1:1 with the experimental ones (black line 

in Figure S31). However, because of experimental factors that cannot be reproduced well in 

calculations, such as conformational variations, as well as systematic errors specific to the chosen 

DFT functional and solvation model, we can expect a certain deviation from the ideal values. To 

correct for these deviations, we fitted a linear function with slope 1 to the data set of experimental 

and calculated potentials (blue line). In addition to the phosphinates in Table 2 of the main paper, 

we included compound 4a (ΔEexp = -2.24 V, ΔEcalc = -2.27 V) in the calibration protocol to 

enlarge the data set. In contrast, compound 1a (marked with a star in Figure S31) was removed 

from the fit as an outlier. The y-intercept of the fit function (-0.67 V) represents the systematic 

shift of the calculated potentials and is on the higher end of the error margin reported for other 

DFT calculations.[70a-b,73] Taking this into account, the final potentials reported in Table 2 are 

calculated as: 

𝐸∘ = 𝐸ୟୠୱ
∘ − 𝐸୰ୣ୤ + 0.67 V  
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 DFT/MRCI Calculations 

The ground state geometry of nBuO-NpMI•– was optimized at the ωB97X-D/6-311+G* level of 

theory with Gaussian 16 (for xyz-coordinates, see Section 18). For excited state calculations, we 

employed the DFT/MRCI method[74] with the R2018 Hamiltonian.[74d] Here, the ground state DFT 

reference was calculated with ORCA 4.2.1[65] using the BHLYP functional.[75] The def2-TZVPD 

basis set[66] was used on all atoms within the resolution-of-the-identity formalism for Coulomb 

and exchange integrals[76] (RI-JK) in conjunction with the def2-TZVPD/C[67a] and def2/JK[77] 

auxiliary basis sets. Solvation effects were accounted for by the C-PCM model[68] with default 

parameters for acetonitrile. Symmetry was turned off (keyword NoUseSym) and the SCF 

convergence threshold was set to 10-7 Eh (keyword SCFCONV7). The DFT orbitals for the 

radical anion were calculated in the unrestricted Kohn-Sham formalism and transformed to quasi-

restricted orbitals[78] prior to the MRCI calculation. Ten roots were 68 calculated in the MRCI 

step. The reference space was iteratively optimized using a tight selection threshold of 0.8 Eh 

(keywords $esel 0.8, $dftparam tight), until all leading configurations were contained in the 

reference space. 

To identify the putative quartet state ES1, we performed CASSCF(11,10) calculations[79–81] with 

Molpro 2021.1[82–84] using the aug-cc-pVTZ[85-86] basis set. Density fitting[87] was used to 

approximate the two-electron integrals and speed up the calculations. To further reduce the 

computational cost, we built a model system for nBuO-NpMI•– by replacing the O-ether residue 

in the DFT-optimized structure with hydrogen and symmetrizing the resulting geometry to the 

C2v point group. The active space was chosen to include correlating pairs of π and π* orbitals as 

well as including a balanced amount of orbitals localized on the aniline and naphthalene subunits, 

respectively. The resulting active space contained 11 electrons in 10 orbitals (Figure S32). State 

averaging was performed over forty states, namely five doublet and five quartet states in each 

irreducible representation. 
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Figure S 32. Active space of the CASSCF(11,10) calculation used to determine the energy of the putative quartet excited state. The 
naphthalene subunit resides in the yz-plane with the N-C bond aligned along the z-axis. Orbitals were visualized with VMD 1.9.3 
using an iso-value of 0.02. The figure depicts the doublet ground state configuration. 

 

The first ten states are summarized in Table S9. Compared to the DFT/MRCI spectrum (see 

Figure 3, main manuscript), the CASSCF energies are blue-shifted by 1-2 eV. This is within the 

usual range for 69 vertical excitation energies computed with CASSCF, due to the lack of 

dynamical correlation.[88] The tentative charge transfer doublet state, denoted Dn in the main 

manuscript is the fifth excited doublet D5, in agreement with the DFT/MRCI results. Its vertical 

excitation energy at the CASSCF(11,10) level of theory is 4.34 eV and its dominant contribution 

is the single electron excitation 3-A2 → 4-A2. The transition dipole moment of this state is lower 

than predicted by DFT/MRCI, which is likely due to the symmetry constraints used in the 

CASSCF calculation. 

 

 

 

 

 



CHAPTER 3 
 

156 
 

Table S 9. CASSCF(11,10) energies, norm of the transition dipole moments |μ| and dominant electronic transitions 
for the first ten electronic states of the nBuO-NpMI•– model system. 

State Sym. ΔE (ev)[a] |μ| (a.u.) Dominant transitions[b] 

D0 2A2 0.00 / ground state 

D1 2B1 2.00 1.4219 3-A2 → 3-B1 (0.890) 

D2 2B1 2.30 0.0480 3-A2 → 4-B1 (0.904) 

D3 2A2 3.56 1.2666 1-A2 → 3-A2 (0.868) 

Q1 4B1 4.18 / 1-A2 → 3-A2 (0.936) 

D4 2B2 4.19 0.0022 3-A2 → 2-B2 (0.933) 

D5 2A2 4.43 0.0611 3-A2 → 4-A2 (0.927) 

Q2 4A2 4.72 / 
1-B2 → 3-B2 (0.708) 
2-A2 → 4-A2 (0.624) 

D6 2A2 4.73 0.0077 
1-B2 → 2-B2 (0.576) 
2-A2 → 4-A2 (0.503) 

D7 2B1 4.88 0.5000 
2-B2 → 3-B2 (0.691) 
1-B2 → 3-A2 (-0.307) 

[a]Relative energies and transition moments are reported with respect to the doublet ground state. [b]CI coefficients for each 
transition are given in parentheses. 

 

The first excited quartet state Q1 has a vertical excitation energy of 4.18 eV. Considering the 

aforementioned blue-shift of 1-2 eV in CASSCF as well as vibrational relaxation in the excited 

state, this is in reasonable agreement with the new emission band at 540 nm (2.29 eV). The 

excitation energy of Q1 is 0.25 eV below that of D5 and only 0.01 eV below that of D4. This 

indicates that coupling to the quartet domain is a possibility after excitation into one of these 

doublet states, at least from an energetic point of view. In light of the luminescence spectra 

reported in Section S14, it is reasonable to assume that the long-lived emitting species is indeed 

the lowest excited quartet state. This state with B1 symmetry is characterized mainly by the single 

electron excitation 1-A2 → 3-B1, which corresponds to an opposite charge transfer from the 

aniline to the naphthalene subunit. EPR spectra (Section S17) and DFT calculations (Section 

S18.6) show that precomplexation of the substrate may occur on the aniline moiety. Therefore, 

Q1 being the long-lived emitter state would explain why the luminescence is not quenched upon 

addition of substrate 1d to the reaction mixture: In a precomplex, the charge would be shifted 

away from the substrate when the catalyst crosses to Q1, thus impeding single electron transfer. 

 

 Computational Investigation of Preassembly Candidates 

The variation of catalyst structure on the reactivity presented in the main article showed increasing 

yields for the reaction of 1d, when reducing the steric bulk on the ortho-position of the catalyst’s 

N-aniline moiety. Thus we performed DFT calculations to investigate possible arrangements for 

ground state precomplexation between substrate and the aniline unit of the catalyst radical anion. 

All calculations were performed at the ωB97X-D/6-311+G* level of theory with Gaussian16.[56] 

Solvation effects were included with the IEFPCM model,[59] with default parameters for 

acetonitrile. For the frequency analyses presented in this section, we reduced the two-electron 

integral accuracy threshold from 10-12 to 10-11 (keyword int=(acc2e=11)), because the 
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calculations would not converge otherwise. Due to their structural complexity, there are many 

ways for the phosphinate to dispersively bind to the radical anion catalyst. Assuming that the 

primary contributors to the binding mode are -stacking interactions,[89] the P-bound phenyl 

groups as well as the aryl moiety from the benzylic position (“O-CHR-aryl”) of the phosphinate 

may coordinate to the aniline or naphthalene moiety of the radical anion catalyst. Here, - 

stacked interactions (face-to-face, parallel displaced) as well as T- shaped interactions (edge-to-

face) are conceivable. We expect the strongest dispersive interactions when not just one but two 

of the substrate’s aromatic units coordinate to the N-aniline group in a pincer-like complex. 

Indeed, the geometry optimizations shown later in this section always converged to an orientation 

where one of the aromatic units of the substrate coordinates (-, face-to-face) to the aniline ring 

and another one to the side (T- edge-to-face), regardless of the starting structure. To assess the 

accessibility of such a complex starting from isolated molecules, we first performed a series of 

unrelaxed potential energy scans. The scan coordinate was chosen such that the O-CHR-aryl 

component of substrate 1d approaches the catalyst from the side and one of the P-bound phenyl 

units forms a T- shaped complex with the aniline at small distances (Figure S32). 

 

 

Figure S 33. Two views on the orientation of 1d and the catalyst (here nBuO-NpMI) were chosen for potential energy 
scans. The red arrow indicates the scan coordinate, i.e. the center-of-mass distance between the aniline moiety of the 
catalyst and the O-CHR-aryl moiety of the substrate. The three interacting aromatic rings are highlighted in bold. 

 

Two energy minima emerge along the scan coordinate (Figure S33, left). Going from large to 

small distances, the first minimum appears when the P-bound phenyl starts to interact dispersively 

with the ortho-substituent groups. It is followed by an energy barrier when the imide-oxygen 

and/or the ortho-substituent groups come in closer contact with the phenyl unit and repulsive 

terms presumably start to predominate. As could be expected, this barrier rises with increasing 

“steric bulk” on the aniline and makes the second minimum entirely inaccessible for NpMI 

(Figure S33, left). This second energy minimum represents the fully formed pincer-like complex, 

where the O-CHR-aryl moiety of the substrate is close enough to form dispersive T--stacking 

interactions with the aniline unit, which stabilizes the energy.  
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Figure S 34. Potential energy scans along the approach of substrate 1d towards the aniline unit of the catalyst. The 
scan coordinate refers to the center-of-mass distance between the O-CHR-aryl moiety and the aniline unit. Left: aniline 
and naphthalene units orthogonal, this is the ground state minimum of the catalyst. Right: naphthalene unit rotated by 
90°, structure not relaxed. The minimum energy is shifted to zero in all scans. 

 

For the less sterically hindered catalysts nBuO-NpMI and 5e, the aniline unit can in principle 

rotate with respect to the imide group. We calculated the rotational barrier in nBuO-NpMI•– as 16 

kcal/mol by performing a relaxed potential energy scan of the respective C-C-N-C dihedral angle 

between 90° and 180° with a step size of 2° at the same level of theory as before (Figure S34). In 

effect, the rotation of the aniline group decreases the repulsive “steric” interactions between one 

of the imide oxygens and the P-bound phenyls, thus lowering the energy barrier for 

precomplexation and stabilizing the complex (Figure S33, right) even more so than the initial 

dispersive interaction with the ortho-substituent. 

 

 

Figure S 35. Relaxed potential energy surface scan for the rotation of the aniline moiety in nBuO-NpMI. The four atoms 
defining the scanned dihedral angle are highlighted as spheres. 

 

Assuming that a successful reaction requires formation of a precomplex, on the basis of arguments 

presented in the main manuscript: (i) known picosecond lifetime of doublet states, apparent anti-

Kasha photochemistry, (ii) the likely rate-limiting C(sp3)-O cleavage and profound influence of 
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catalyst structure on this step, (iii) the identical redox, UV-Vis and emissive properties of NpMI 

and nBuO-NpMI that confirm electronic differences cannot explain the success of the latter 

catalyst for most substrates, the potential energy scans depicted in Figure S33 could possibly 

explain the reactivity trend observed in the experimental SAR study. Increasing “steric bulk” at 

the ortho-position of the aniline impedes the formation of the most stable and intimate 

preassembly as the pincer-like -stacking interaction becomes less accessible. Of course, an 

unrelaxed potential energy scan for complex molecular assemblies can only convey a rough 

picture of the real situation. For example, it neglects the internal flexibility of the substituents and 

the fact that the substrate can re-orient itself upon approaching the catalyst, thus minimizing 

clashes and stabilizing the complex. To take these effects into account, we optimized several 

candidate structures for a ground state precomplex. Using different catalysts and relative 

orientations, we were able to optimize 13 stable ground state preassemblies (Figures S35-39).  

 

 
Figure S 36. Candidate preassemblies of NpMI•–/1d at the N-aniline moiety. 
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Figure S 37. Candidate preassemblies of 5d•–/1d at the N-aniline moiety. 

 

 
Figure S 38. Candidate preassemblies of 5e•–/1d at the N-aniline moiety. 
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Figure S 39. Candidate preassemblies of nBuO-NpMI•–/1d at the N-aniline moiety. 

 

 
Figure S 40. Candidate preassembly of nBuO-NpMI•–/1d at the naphthalene moiety.  
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As a quantitative measure for the stability of the converged structures, we defined the free energy 

of complexation ΔGcompl as the free energy difference between the optimized precomplex and its 

isolated components (Table S9). For the latter, we calculated the neutral form of phosphinate 1d 

and the radical anion of the respective catalyst. In all cases, the optimized structures of isolated 

radical anion catalysts and preassemblies find the N-aniline moiety perpendicular to the 

naphthalene moiety. Multiple stable structures exist for the preassemblies, differing in the relative 

orientation of the substrate with respect to the catalyst and the calculations presented here are not 

intended to be comprehensive. However, comparing the relative energies of a few optimized 

structures[76] is helpful to rationalize the observed SAR in the context of a potential preassembly. 

Regardless of initial input geometries, all optimizations converged to a pincer-like structure where 

one of the substrate-bound aromatic units coordinates to the side of the aniline and another is 

oriented parallel to the aniline and coordinates from the top. 

 

Table S 10. Calculated free energies of complexation (kcal/mol) for ground state assemblies of substrate 1d with 
various residues R on the ortho-position of the N-aniline unit of the catalyst (ωB97X-D/6-311+G*, IEFPCM(ACN)). 

Components Orientation 
Complexation free 

energy ΔGcompl (kcal 
mol-1) 

Intermolecular 
distance (Å)a 

Preparative reaction 
yield (% 2d) 

NpMI.− (R=iPr) / 1d 1 +10.44 4.88 (T-π)b, 4.23 (π-π)c n.d. 
 2 +3.41 ?  
 3 +5.35 ?  
 4 +11.65 ?  

5d.− (R=Et) / 1d 1 +4.97 4.52b,d, 5.37c,d 40 
 2 +4.66 4.63b,d, 5.23c,d?  

5e.− (R=Me) / 1d  1 +5.88 5.16 (T-π)b, 4.33 (π-π)c 55 
 2 +6.11 5.17 (T-π)b, 4.32 (π-π)c  

nBuO-NpMI.− (R=H) / 1d 1 +2.59 4.90 (T-π)b, 4.07 (π-π)c 75 
 2 -0.18 5.14 (T-π)c, 4.26 (π-π)b  
 3 -0.33 4.89 (T-π)b, 4.06 (π-π)c  
 4 0.70 5.14 (T-π)c , 4.33 (π-π)b  

 Napthalene 
complex 

-0.16 4.50 (T-π)e , 4.52 (π-π)f  

n.d., not determined. aThe distances between the aromatic center points of each aromatic ring of 1d to the center point of the N-
aniline were taken. bInteraction between the N-aniline and the O-CHR-Ar arene. cInteraction between the N-aniline and the O-
P(O)Ph arene. dThe interaction could not be assigned as T-π or π-π and resembled something in between. 
 

Out of all the optimized complexes, the four orientational candidates for nBuO-NpMI are 

consistently the most thermodynamically favorable, again supporting the hypothesis that 

precomplexation in the ground state is an important aspect of the catalytic process. The trend 

among the other catalysts is not as clear, however. It is difficult to draw a concrete relationship 

between increasingly bulky ortho-substituents and thermodynamics, since the substrate can 

rearrange to coordinate from a different direction. Nonetheless, formation of all complexes with 

ortho-substituted catalysts is endergonic at this level of theory, indicating that steric hindrance on 

the aniline unit indeed impedes the stacking interaction and destabilizes the complex. 77 The spin 

density in all of the optimized precomplex radical anions, where complexation occurs on the N-

aniline unit of the catalyst, remains identical to those of the isolated catalysts. In contrast, the spin 

density of the one precomplex candidate, where the substrate coordinates to the naphthalene 

moiety of nBuO-NpMI, is asymmetrical and thus deviates slightly from that of the isolated catalyst 
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(Figure S40). Such a change in the electronic structure should manifest in a different EPR signal, 

which we do not observe. This again supports the thesis that if preassociation occurs, it will 

involve the N-aniline moiety rather than the naphthalene moiety of the catalyst. 

 

 
Figure S 41. Spin densities of nBuO-NpMI•– (left) and an nBuO-NpMI•–/1d precomplex structure where the substrate 
coordinates to the naphthalene moiety of the catalyst (right). 

 

Note that the mere existence of a ground state minimum does not mean that it is catalytically 

active upon photoexcitation. For example, Barham and co-workers recently proposed the 

detection of two different triarylamine radical cation/haloarene precomplex geometries (edge-to-

face T- and face-to-face -) on the basis of changes in EPR spectra and DFT calculations.[2] 

There, it was proposed the face-to-face - geometry was ‘unreactive’ upon photoexcitation. 

Therefore, the thermodynamics of precomplexation in the ground state is only one aspect to 

consider in a larger scheme. Our computational results demonstrate that there indeed are stable 

candidate preassemblies of phosphinate substrate and radical anion catalyst. Moreover, we show 

that the introduction of substituents at the ortho-position of the N-aniline moiety destabilizes these 

complexes and makes their formation less likely due to a higher kinetic barrier upon approach of 

the two molecules. Further studies are required to investigate the excited states of our optimized 

candidate structures and whether certain geometric factors can facilitate SET within 

preassemblies upon photoexcitation.  
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 X-Ray Crystallography 

 

Single crystal x-ray diffraction data were recorded for a suitable crystal of nBuO-NpMI. The 

crystal was mounted on a MITIGEN holder with inert oil on a XtaLAB Synergy R, DW system, 

HyPix-Arc 150 diffractometer using Cu-Ka radiation (l= 1.54184 Å). The crystal was kept at a 

steady T = 100.01(10) K during data collection. Empirical multi-scan[90] and analytical absorption 

corrections[91] were applied to the data. Structures were solved using SHELXT[92] using dual 

methods and Olex2 as the graphical interface,[93] and least-squares refinements on F2 were carried 

out using SHELXL.[92,94] All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model. Most hydrogen atom 

positions were calculated geometrically and refined using the riding model, but some hydrogen 

atoms were refined freely. 2078961 (nBuO-NpMI) contains the supplementary crystallographic 

data for this paper. These data are provided free of charge by The Cambridge Crystallographic 

Data Centre.  

 

Compound    nBuO-NpMI  

Empirical formula   C22H19NO3  

ρcalc/(g/cm3)    1.363  

μ/mm-1    0.731  

Formula weight   345.38 g mol-1  

Crystal color    clear colorless  

Crystal shape    plate  

Crystal size/mm3   0.18 × 0.13 × 0.05 

Temperature/K   100.01(10)  

Crystal system    triclinic  

Space group    P-1  

a/Å     5.32030(10)  

b/Å     8.91200(10)  

c/Å     18.2867(2)  

α/°     83.2940(10)  

β/°     84.9920(10)  

γ/°     78.2530(10)  

Volume/Å3    841.29(2)  

Z     2  

Z’     1  

Wavelength/ Å    1.54184  

Radiation    Cu K  

min/ °    2.438  

max/ °    74.411  

Reflections collected  31649  

Independent reflections   3319  

Reflections I≥2 (I)   3018  
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Rint     0.0289  

Parameters    300  

Restraints    0  

Largest peak    0.226  

Deepest hole    -0.248  

GooF    1.064  

wR2 (all data)    0.0981  

wR2     0.0961  

R1 (all data)    0.0374  

R1     0.0345 

 

 

Figure S 42. Solid-state molecular structure of TCBPA, including atom numbering scheme. Thermal ellipsoids are set 
at the 50% probability level. C atoms are shown in grey, N atoms in blue and O atoms in red. 
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After this first successful demonstration of the extreme reductive potential via e-PRC, we turn to 

an oxidative example. In the following chapter, another catalytic system capable of e-PRC is 

presented. However, the main focus is on its application as a conPET system. The consecutive 

accumulation of two photons and the use of molecular oxygen as a sacrificial electron donor make 

this an elegant approach with high oxidation power for the conversion of challenging organic 

molecules. 

 

 



 

 

CHAPTER 4   

This chapter has been published. For reference see: B. Bieszczad, T. A. Karl, A. B. Rolka, P. 
Nuernberger, R. J. Kutta, B. Koenig, 10.26434/chemrxiv-2022-39x5l. 
 
Tobias A. Karl performed all photoelectrochemical reactions. He performed parts of the 
optimization (Table S1, Entry 1-4, 8-10) and synthesized catalyst A. EPR, excitation, and 
emission spectra were recorded and evaluated by T. A. Karl. He also processed the CV and 
spectro-electrochemical results. 

4 Oxidative conPET Catalysis for Arene 
Functionalization 
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 Abstract 

We report the first successful use of consecutive two-photon accumulation of visible light energy 

to obtain ultra-high oxidation potentials enabled by a new class of rationally designed cyclic 

triarylamine photocatalysts. We demonstrate its practical and synthetic utility in a series of 

reactions of electron deficient arenes and fluoroarenes with N-nucleophiles. We identified that 

the photocatalytic reaction is initiated by the lowest excited state of the photocatalyst’s radical 

cation which abstracts an electron from the substrate only at non-diffusive/direct contact 

encounters, i.e., the omnipresence of substrate as co-solvent, since the excited radical cation lives 

only for ps. Neither pre-assembly nor a specific ‘anti-Kasha’ reactivity of a higher excited 

electronic state is observed. This method may serve as a promising basis for yet unexplored 

chemical reactions of substrates with very high oxidation potential and presents an attractive 

alternative to existing methods. 
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 Introduction  

Oxidations are fundamental to synthetic chemistry[1] and natural processes,[2] providing powerful 

tools for the functionalization of molecules and functional group interconversion.[3] While 

routinely used in academic research, their application in pharmaceutical industry is surprisingly 

uncommon.[4] This is due to the necessity of stoichiometric amounts of oxidizing agents, which 

are incompatible with most organic solvents and present significant explosion hazards.[5] 

Additionally, they often produce undesirable waste products. Safe and environmentally benign 

oxidative systems are therefore highly sought-after. 

Photoredox chemistry, a catalytic approach to harvesting visible light energy, provides a way out 

of this conundrum.[6-10] In pioneering work in 2011 it was shown that benzene oxidation can be 

carried out photocatalytically to produce phenols with oxygen as a terminal oxidant.[11,12] 

Subsequently a new reactivity paradigm for selective oxidative functionalization of arenes under 

mild conditions was established.[13-22] However, such systems are confined to the energy of a 

single photon of visible light, e.g. 440 nm (2.82 eV, 65 kcal/mol), which limits their oxidative 

power.[23] For example, the energy of excited state acridinium photocatalysts is lower than +2.5 V 

vs. SCE (saturated calomel electrode), which is insufficient to remove an electron from an 

electron-deficient arene.[13] 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as the only 

photocatalyst capable of reaching > +3 V vs. SCE is unstable, toxic, and reacting with water as 

well as with nucleophiles to release poisonous HCN gas.[24] Furthermore, it must be used in 

stoichiometric or sub-stoichiometric amounts, which limits its applicability.[22] Thus, alternative 

systems are highly desirable. 

To overcome the limitation of a single photon excitation, one may learn from nature which for 

instance uses four photons of visible light cumulatively for the challenging task of water oxidation 

in the process of photosynthesis.[25] A similar concept, consecutive photoinduced electron transfer 

(conPET) has recently been introduced to synthetic chemistry.[26] Here, two approaches have been 

described to cumulate the energy of two photons of visible light to carry out thermodynamically 

challenging transformations (Figure 1A, B).[27] On the one hand, electron transfer to an excited 

photocatalyst followed by exciting the just singly reduced photocatalyst generates a strong 

reductant excited species (Figure 1A) and on the other hand, photosensitized triplet formation of 

the photocatalyst that forms via triplet-triplet annihilation of two triplets one excited singlet and 

one ground state photocatalyst, where the former also represents a high reductive excited species 

(Figure 1B).  

Reductive conPETs, where either a solvated electron is generated upon excitation of a radical 

anion in a chemical variant of the photoelectric effect[28-31] or the excited single reduced 

photocatalyst transfers one electron directly to the substrate,[32] allow difficult reactions such as 

reduction of aryl and alkyl halides or aromatic systems under mild conditions. By utilizing the 
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excited state chemistry of N-phenylphenothiazine the photocatalytic redox window of the conPET 

approach could be expanded.[33,34] Recently, deazaflavins have been synthesized guided by 

mechanistic understanding that utilizes the internal heavy atom effect for more efficient conPET 

that achieves reductive powers comparable to lithium.[35] However, the full potential of the 

conPET systems where two photons of visible light are cumulatively used to access oxidative 

powers of ≫ +3 V vs. SCE for synthesis has yet to be realized. Here, we report the first successful 

attempt in this direction. 

 

 
 

Figure 1. Examples of established and the here proposed photocatalytic system. a: Consecutive photo electron transfer 
(conPET), i.e., excitation of radical anions after initial photoreduction. b: triplet-triplet annihilation (TTA) up-
conversion, i.e., sensitized triplet formation that undergoes TTA forming one excited and one ground state 
photocatalyst. c: Mechanistic idea for oxidative conPET followed in this work. d: Novel photocatalysts A and B were 
used in this work. Legend: PDI = perylene diimide, Rh6G = rhodamine 6G, DCA = 9,10-dicyanoanthracene, bpy = 
2,2’-bipyridine, dmb = 4,4’-dimethyl-2,2’-bipyridine, An = anthracene, DBP = diiodoBOPHY-like derivative, DPA = 
9,10-diphenylanthracene, TPTNP = tetraphenyltetranaphtho [2,3] porphyrin, TTBP = Tetratertbutylperylene, PC = 
Photocatalyst, Sub = Substrate, PS = Photosensitizer, A = Annihilator, Red. = reducing agent, Ox. = oxidizing agent, 
eT = electron transfer. 

 

 

In our quest to find a suitable photocatalytic system for oxidative conPET, inspired by the recent 

work from the Wasielewski lab,[36] we selected triarylamines (Ar3N) as potential candidates.[37] 

Prompted by their ability to form stable radical cations Ar3N•+, which are used as stoichiometric 

oxidants,[38] we envisaged that excitation of such radicals with visible light could dramatically 

enhance their oxidation power. Here, we investigated the possibility of the formation of stable 

Ar3N•+ upon irradiation of Ar3N in the presence of a terminal oxidant, such as molecular oxygen. 

Further, we explored if such stable Ar3N•+ can subsequently be excited by a second photon to form 

a potential super-oxidant Ar3N•+* with a redox potential of Eox ≫ +3.0 V vs. SCE that will allow 
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for electron abstraction from a substrate regenerating the neutral form of the photocatalyst, closing 

the catalytic cycle, and initializing substrate transformation (Figure 1c).  

As the expected lifetimes of excited radical species are generally in the picosecond range,[39-40] an 

efficient diffusion-controlled reactivity at moderate substrate concentrations cannot be achieved 

and a bimolecular reaction may only occur, if the two reaction partners are already pre-assembled 

before photoexcitation. Since the relaxation of the Ar3N•+ is facilitated mainly by rotation of the 

aromatic rings,[41] we explored on the one hand if a rigid and cyclic architecture extends the 

excited state lifetime of the Ar3N•+*, and on the other hand if this triarylamine modification will 

also prevent its known photo-degradation.[42] Additionally, we examined potential pre-

organization of aryl substrates to the planar structure of Ar3N•+ via cation-π interaction making 

electron transfer more feasible.   
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 Results and Discussion 

Inspired by the role of constrained Ar3N species as hole transport materials in material science, 

we designed and prepared catalysts A and B (Figure 1D). Their key structural feature is the central 

and planar nitrogen atom, surrounded by three bridged aryl units, with para positions substituted 

to prevent their photo-degradation. Additionally, we synthesized the unbridged compounds oB 

and oC for investigations of the structural impact on the photophysics and the photocatalytic 

activity (Figure 1D). These compounds were prepared from readily available starting materials in 

5 simple and scalable synthetic steps (see experimental part). To the best of our knowledge, A or 

B have not yet been used as photocatalysts.  

The ground state absorption spectra (Sn ← S0) as well as the emission spectra of A and B in ACN 

are shown in Figure 2A, B. Both molecules have their first electronic transition (S1 ← S0) below 

400 nm and the excited state energies are 3.27 eV and 3.35 eV, respectively, as estimated from 

the crossing point of the absorption and emission spectra when both are normalized to their 

maxima. After excitation the first excited singlet states decay with 2.6 ns and 3.0 ns, respectively 

(Figure 2 and Figure S1). About 71% or 60% of the excitation energy is released via fluorescence 

and to ca. 25% or 30% the corresponding triplets are formed (see Figure 2 and experimental part 

including Figures S2 and S3). On a longer timescale in the absence of molecular oxygen, the 

triplet states of A and B decay back into the ground state with lifetimes in the order of tens of s. 

However, in the presence of molecular oxygen, the triplet states of A and B evolve with lifetimes 

in the order of tens of ns into a further intermediate (Figure 3A, C and Figure S4). To note, the S1 

and the T1 show both an excited state reaction with molecular oxygen, while only from the latter 

reaction an additional intermediate is observed. Considering an O2 concentration in ACN of 

2.4 mM;[43] the corresponding bimolecular reaction rates for S1 and T1 quenching are in the order 

of 1010 M-1s-1, which is close to the expected full diffusion limit  
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Figure 2. Steady-state and time-resolved optical spectroscopy of compounds A (a,c,e,g) and B (b,d,f,h) in ACN. a-b: 
Steady-state absorption and emission. c-d: Transient absorption after excitation either at 340 nm (c) or at 288 nm (d). 
e-h: Species-associated spectra and concentration-time profiles based on a photophysical model including only excited 
singlet, triplet, and ground state. To note, the relaxation dynamics due to IVR and IET of the vibrationally excited S1

hot 
state to the relaxed S1

    are also shown. These are described and approximated by three subsequent exponential decays 
obtained from the data decomposition (for more information see experimental part).  
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The intermediate formed from the triplet in cases of A and B decays with lifetimes in the order of 

tens of s in non-degassed and non-dried ACN showing dependence on the age of the used ACN, 

i.e., the water content.  

 

 

Figure 3. Time-resolved optical spectroscopy of compounds A in non-degassed (a) and degassed (b, degassed by four 
cycles of freeze pump and thaw) ACN after excitation at 355 nm in a 500 ns time window. c-d: Decay associated 
difference spectra (DADS) in compassion to the triplet 3A spectrum form fs-TA (cyan) and the electrochemically 
generated radical cation A•+ spectrum as indicated (vide infra, for data on Cat B see Figure S4 in the experimental 
part). 

 

At this point it was tempting to speculate that the formed intermediate corresponds to the Ar3N•+ 

arising from electron transfer from Ar3N to molecular oxygen. As both photocatalysts exhibit 

fully reversible redox states with anodic peaks at +0.66 V and +1.29 V vs. SCE respectively 

(Figure S5), the application of a potential of up to +1.7 V will lead to radical cation formation in 

both photocatalysts (Figure S6). Comparing the spectra of electrochemically generated Ar3N•+ 

with the intermediate spectrum arising from the T1 reaction with O2, a striking agreement proves 

transiently formed Ar3N•+ when irradiating the neutral Ar3N in the presence of O2 (Figure 3C, D 

and Figure S4). To note, as residual water in the solvent environment leads to re-reduction of 

Ar3N•+ to its neutral Ar3N form, as demonstrated by adding a droplet of water to a sample of 

electrochemically formed Ar3N•+ (Figure S6), the observed decay of the Ar3N•+ on a s timescale 

is ascribed to a reaction with water present in the non-dried ACN used in the time-resolved 

spectroscopic studies.  
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After exciting electrochemically formed Ar3N•+ (see Figure S7 in the experimental part for the 

electrochemical setup) either at 395 or 740 nm with ca. 100 fs resolution, first the excited Ar3N•+* 

in its lowest excited state is observed in both cases demonstrating that the higher excited doublet 

states relax within the temporal resolution (Figure 4). Accordingly, and expectedly, no reactivity 

from a higher excited electronic state (in terms of the latest IUPAC terminology: no ‘anti-Kasha’ 

behavior) is observed as was recently postulated to occur for non-cyclic triarylamine radical 

cations.[44] 

 

Figure 4. Transient absorption of the electrochemically formed radical cation of compounds A in ACN after excitation 
either at 395 nm (a) or 750 nm (b). c-d: Species-associated spectra and concentration-time profiles based on a 
photophysical model including an unrelaxed excited doublet state (D1

hot), a relaxed excited doublet (D1
 ), a thermally 

excited ground (D0
hot), and a relaxed ground state (D0

 ). 

 

In agreement with the expectation, the excited state lifetime of the Ar3N•+* is in the ps temporal 

range (𝜏IC = 7.6 ps; see experimental part including Figures S8 for the detailed global analysis). 

Interestingly, for both photocatalysts an additional intermediate arises from the excited state 

decay with a prominent absorption band peaking at ca. 410 nm, which decays back to the ground 

state with a lifetime of 10.6 ps. As the spectrum of this intermediate is very similar to the steady-

state ground state spectrum of the radical cation, the second absorption band is redshifted. Due to 

the fact that the relaxation occurs on a ps timescale, one may speculate that a thermally excited 
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ground state of the Ar3N•+ is observed (Figure 4). However, this is not further elucidated here, 

and attempts to identify the nature of this species are currently under investigation in our labs and 

will be presented elsewhere.  

Knowing that the cyclic and rigid photocatalyst exhibit the photophysical and photochemical 

characteristics required for the proposed photocatalytic oxidative conPET mechanism, we 

selected C-N arene functionalization[13] as a model reaction to test our hypothesis. As the excited 

state lifetime of the Ar3N•+* is in the ps range, the substrate benzene was used as co-solvent 

(4.5 M) preventing the need for diffusive reaction encounters. To note, at such high substrate 

concentration there is no experimental indication of any pre-assembled complexes, which is in 

striking agreement with a detailed computational investigation on the ability of complex 

formation of this type of photocatalysts.[45] 

Already an initial trial showed that a catalytic amount of A catalyzed the reaction between 

benzene (4.5 M) and ethyl 1H-pyrazole-4-carboxylate (0.2 M) yielding 6% of the coupling 

product after 16 h hours of irradiation at 400 nm (LED, 160 mW/cm2) under ambient conditions 

(Table 1, entry 1). In contrast, using the non-cyclic amine, oC (see Table 1), resulted in no product 

formation (Table 1, entry 2). This low yield may indicate that in situ radical cation formation of 

the photocatalyst is rather inefficient for an overall substrate conversion. To test this hypothesis, 

SbCl5 was added in catalytic amounts to the system, chemically oxidizing the photocatalyst to its 

radical cation prior to illumination. And indeed, almost full conversion could be achieved under 

otherwise identical conditions (Table 1, entry 3). 

As a control, both in the absence of light and a photocatalyst no reactivity was observed (Table 

1, entry 4, 5) demonstrating that the excited radical cation of the photocatalyst is a requirement 

for photocatalytic activity. Also using the non-cyclic version oB under otherwise identical 

conditions, resulted in significantly less yield of 19% (Table 1, entry 6) than with the 

corresponding cyclic photocatalyst indicating a prominent impact of the rigid, cyclic structure on 

the stability. As SbCl5 is a very reactive species which itself absorbs light of 400 nm, giving even 

rise to some s long-lived light-induced species (see Figure S9), we performed the model 

photocatalytic C-N coupling reaction without SbCl5 and using electrochemically formed Ar3N•+ 

instead, which yielded almost quantitative conversion of the starting material (Table 1, entry 7) 

independent of the presence or absence of molecular oxygen. This clearly identifies Ar3N•+* as 

the photocatalytically active species and rules out any involvement of either SbCl5 or O2 in the 

coupling reaction. 

In a recent study,[44] the authors proposed the involvement of higher excited doublet states as a 

requisite for productive photocatalytic activity allowing for the formation of long-lived quartet 

states. A similar scenario may also apply here as in terms of energy considerations, the first 

excited quartet state becomes only available after excitation into the second prominent absorption 
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band at ca. 400 nm (D3 ← D0) (see Figure S10 and further information in the experimental part). 

Performing the model reaction exciting the system into its first electronic absorption band at 

660 nm (LED, 200 mW), interestingly resulted in no product formation (Table 1, entry 8). 

However, it is to note, that the available excitation power at 660 nm is by a factor of ca. 10 lower 

compared to the power at 395 nm, and, thus, may explain this diminished activity.  

 

Table 1. Screening for photocatalytic activity in C-N arene functionalization. 

 

Entry Deviation from standard conditions Yielda (%) 
1 No SbCl5 6 
2 Cat oCd (2 mol%), No SbCl5 - 
3 None 88b 
4 No catalyst - 
5 No light - 
6 Cat oBc (2 mol%) 19 
7 Electrochemical generation of Ar3N•+* 97 
8 Red LED (660 nm, 200 mW) - 

aYield determined by GC with decane used as internal standard, bIsolated Yield, cCat oB: 4,4',4''-
nitrilotribenzonitrile dCat oC: tris(4-bromophenyl) amine 

 

The reactivity in general seems to follow the established pattern for radical cation accelerated 

arene C-H functionalization (Figure 5).[13,14] The para selectivity, known for similar systems, 

indicates that the reactivity occurs via arene oxidation. Various the Ar3N•+ can be used in the 

reaction. When cat A was used, 9% of doubly substituted product was formed. Only small 

amounts of products were produced from extremely electron-poor arenes, like 2-

chlorobenzonitriles (see experimental part). 
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Figure 5. Examples of C-H functionalization of electron-deficient arenes under oxidative conPET conditions. 

 

We also observed nucleophilic C-F substitution (SNAr) for fluorobenzene. We envisaged that this 

reactivity pattern may lead to a significant advantage over existing methods, which use 

substoichiometric and stoichiometric amounts of unstable and toxic DDQ.[22] Several fluoro-

benzenes as well as different trapping reagents could be coupled with moderate to good yields 

and best performance for an electron-rich system. The photocatalyst B allowed activation of even 

strongly electron-deficient arenes, such as 1-chloro-2,4-difluorobenzene (Figure 6). These types 

of substrates are too electron-poor to be oxidized by known photocatalysts,[46] but at the same 

time they do not undergo thermal SNAr C-F substitution. Reactions were particularly clean, with 

no side reactions detected. We were also pleased to find that the catalyst can be recovered to 94% 

after a single cycle. 
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Figure 6. Examples of C-F functionalization of electron-deficient fluoroarenes under redox neutral conPET 
conditions. 

 

As expected from the experimental findings discussed above, no reactivity between benzene and 

the excited species of neutral Ar3N have been detected. However, considering that the overall 

efficiency of the coupling reaction is rather low, i.e., 16 h of illumination at high fluence (395 nm, 

2 W) was required for full conversion. As a result, the electron transfer from benzene to the 

excited state may represent the bottleneck of the reaction as SET from benzene to excited A or B 

may be simply too inefficient. Thus, as a proof of concept, we changed to 1,2-dimethoxy benzene 

as a substrate with a much lower redox potential. Repeating the C-N coupling model reaction at 

660 nm (LED, 0.2 W) excitation and performing high-resolution mass spectrometry, indeed trace 

amounts of the coupling product could be detected (see Figure S11). Furthermore, when using 

1,4-dimethoxybenzene as substrate even a significant amount of the corresponding product was 

identified (see Figure S12), giving evidence that the excitation into higher lying excited states is 

not required for productive conversion. Discrepancies in efficiencies are only due to dramatically 

different photo fluxes used in the experiments. Furthermore, this also demonstrates that 

involvement of electronic states with higher multiplicity can be ruled out since these are 

energetically not accessible 

 

.  
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 Conclusions 

In summary, we have discovered a novel photocatalytic system using two photons of visible light 

to access high oxidative powers of ≫ +3 V vs. SCE. The key component in the photocatalytic 

reaction is the lowest excited state of the radical cation, which shows a ps deactivation. Thus, 

requires the omnipresence of the substrate to avoid slow diffusive encounters for the rare event 

of bimolecular electron transfer between a substrate and such a short-lived excited state. Once the 

electron is abstracted from the substrate such as arenes, further downstream coupling events are 

initiated. The photostable catalysts of type A and B can be easily modified to tune their electronic 

and spectral properties for further improvements in the efficiency of the coupling reaction. The 

system provides a green alternative to existing methods, based on stoichiometric or sub-

stoichiometric amounts of DDQ.   
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 Experimental Part 

 General Remarks 

 

All reactions were carried with dry solvents unless otherwise stated. Reagents were purchased at 

the highest commercial quality and used without further purification, unless stated otherwise. 

Thin-layer chromatography was performed using silica gel plates 60 F254: Visualization was 

accomplished with short wavelength ultraviolet (UV) light (254 nm) and near UV light (366 nm) 

sources. Standard flash chromatography was performed on a Biotage® IsoleraTM Spektra system 

automated with high-performance flash purification system using silica gel 60 M (particle size 

40–63 μm, 230–440 mesh, Merck) or using forced flow chromatography (FC) on silica gel (35-

70 mesh). Organic solutions were concentrated under reduced pressure on a Büchi rotary 

evaporator (in vacuo at 40 °C, ca. 5 mbar). The photochemical reactions were performed with 

commercial LEDs emitting with either λmax = 395 (± 15) nm (OSRAM, LZ4-40UB00-00U5; 

Optical Power @700mA: 3.8W) or λmax = 660 (± 15) nm (OSRAM, Oslon SSL 80 LHCP7P-2T3T 

(3T); Optical Power @700mA: 1 W). 

 

 Synthesis of Catalysts 

 

Trimethyl 2,2',2''-nitrilotribenzoate (I1): Methyl 2-aminobenzoate (12 mL), 

methyl 2-iodobenzoate (40 mL), K2CO3 (29.5 g), Cu (0.68 g), CuI (1.73 g) was 

dissolved in diphenyl ether (110 mL) and heated under nitrogen at 190 oC for 

48 h. The mixture was filtered through a plug of celite, washed with 

dichloromethane (DCM, 500 mL). The solvent was removed under reduced pressure. The residue 

was purified on silica gel using 4:1 petroleum ether / ethyl acetate as eluent to yield a yellow solid 

(23.7 g, 62%). 1H NMR (300 MHz, CDCl3), δ (ppm): 7.60 (m, 3H), 7.36 (m, 3H, 7.09 (m, 6H), 

3.37 (s, 9H). Data are in accordance with literature.[1]  

 

2,2',2''-(Nitrilotris(benzene-2,1-diyl))tris(propan-2-ol) (I2): Solution of 

methyl iodide (11 mL) in dry Et2O (100 mL) was added dropwise to 

magnesium turnings (4.1 g) activated with a small amount of iodine in dry 

Et2O (20 mL) in a 3-neck round bottom flask, maintaining gentle reflux. After 

addition, the mixture was refluxed for 1 h. Solution of I1 (4.0 g) in dry toluene (120 mL) was 

added slowly to the Grignard reagent and the mixture was heated to reflux for 15 h. After cooling, 

the mixture was added to a saturated ammonium chloride solution (300 mL). The product was 

extracted with Et2O (250 mL x 3), dried over anhydrous Na2SO4. The residue was purified on 

silica gel using 5:1 petroleum ether / ethyl acetate as eluent to give a yellow solid (1.4 g, 37%). 

N

HO

OH

OH
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1H NMR (300 MHz, CDCl3), δ (ppm): 7.32 (m, 3H), 7.07 (m, 6H), 6.66 (m, 3H), 5.40 (broad, 

3H), 1.67 (s, 9H), 0.85 (s, 9H). Data are in accordance with literature.[1] 

 

4,4,8,8,12,12-Hexamethyl-8,12-dihydro-4H-benzo[9,1]quinolizino[3,4,5,6,7-

defg]acridine (I3): Compound I2 (2.0 g) was suspended in H3PO4 (85%, 20 mL) 

and stirred for 2 h. The mixture was neutralized with aq. NaOH (2 M) and the 

product was extracted with DCM (100 mL x 2). The residue was purified on silica 

gel using petroleum ether as eluent to yield I3 as a white solid (1.14 g, 66%). 1H NMR (400 MHz, 

CDCl3), δ (ppm): 7.38 (m, 6H), 7.12 (m, 3H), 1.63 (s, 18H). Data are in accordance with 

literature.[1]  

 

2,6,10-Tribromo-4,4,8,8,12,12-hexamethyl-8,12-dihydro-4H-benzo 

[9,1]quinolizino[3,4,5,6,7-defg] acridine (I4): Compound I3 (1.0 g) was 

dissolved in CHCl3 (20 mL) and N-brome-succinimide (NBS) was added 

slowly (2.0 g). The mixture was stirred at room temperature overnight. 

Solvent was removed in vacuo and the residue was loaded directly on silica 

gel and purified using petroleum ether as eluent to yield I4 as a white solid (1.54 g, 95%). 1H 

NMR (400 MHz, CDCl3), δ (ppm): 7.44 (m, 6H), 1.58 (s, 18H). Data are in accordance with 

literature.[1]  

 

2,6,10-Tris(2,4-difluorophenyl)-4,4,8,8,12,12-hexamethyl-

8,12-dihydro-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg] 

acridine (Cat A): Catalysts A was prepared according to a 

modified literature procedure.[2] To a 20 mL microwave (MW) 

vial equipped with a stirrer bar, compound I4 (250 mg, 0.42 

mmol) was added, followed by Pd(PPh3)4 (42 mg, 0.04 mmol), 

difluorophenyl) boronic acid (265 mg, 1.68 mmol, 4.0 equiv.), 

aq. Na2CO3 (4 M, 1 mL), toluene (2.5 mL) and ethanol (1.0 mL). The mixture was sparged with 

N2 for 10 min, sealed, and heated to 160 oC for 7 min using microwave radiation. After 

completion, the mixture was quenched with water and the product was extracted with DCM (50 

mL x 3). The solvent was removed in vacuo and the residue was purified on silica gel using 

petroleum ether as eluent to give Cat A as a slightly yellow solid (103 mg, 35%). 1H NMR (400 

MHz, CDCl3), δ (ppm): 7.59 (s, 6H), 7.16 (m, 6H), 6.79 (m, 3H), 1.76 (s, 6H). 13C NMR (75 

MHz, CDCl3), δ (ppm): 131.1, 130.9, 129.5, 125.1, 124.4, 118.2, 111.7, 111.4, 104.5, 104.1, 

35.8, 33.6. 19F NMR (121 MHz, CDCl3,), δ (ppm): 112.64 (s, 3F), 113,84 (s, 3F). HRMS: 

calculated for C45H33F6N+ (M+H+): 701.2517, found 701.2531. 
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4,4,8,8,12,12-hexamethyl-8,12-dihydro-4H-benzo [9,1]quinolizino 

[3,4,5,6,7-defg] acridine-2,6,10-tricarbonitrile (cat B). To a 20 mL 

microwave vial equipped with a stirrer bar, compound I4 (250 mg, 0.42 

mmol) was added, followed by copper cyanide (500 mg, 5.58 mmol) and 

dry N-methyl-2-pyrrolidone (NMP, 6 mL). The mixture was sparged with 

N2 for 10 min, sealed, and heated to 250 oC for 60 min using microwave radiation. After 

completion, the mixture was quenched with water and the product was extracted with ethyl acetate 

(100 mL x 3). The solvent was removed in vacuo and the residue was purified on silica gel using 

1:5 petroleum ether / ethyl acetate as eluent to give B as a slightly yellow solid (104 mg, 57%). 
1H NMR (400 MHz, CDCl3), δ (ppm): 7.68 (s, 6H), 1.64 (s, 18H). 13C NMR (75 MHz, CDCl3), 

δ (ppm): 133.9, 131.0, 127.9, 118.9, 108.3, 35.7, 32.9. HRMS: calculated for C30H24N4
+ (M+): 

440.2001, found 440.1975. 

 

Synthesis of catalyst oB 

The catalyst oB was prepared according to a method described in literature.[3] 
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 Screening of Reaction Conditions 

 General Procedure for Photochemical C-H Oxidation of Arenes 

 

In 7 mL crimp cap vial equipped with a stirring bar, a catalyst A (1.2 mg, 2 µmol, 2 mol%) and a 

nucleophile (0.1 mmol, 1.0 equiv.) were added. The vial was capped, followed by the addition of 

an arene (0.2 mL) and dry ACN (0.2 mL). SbCl5 (0.1 mL of 50 mM in dry ACN, 5 mol%) was 

added. The reaction mixture was pressurized by adding 20 mL of air using a syringe and the vial 

was irradiated through the plane bottom side with HP LED (395 nm), with irradiance of 160 

mW/cm2 for 16 h. The residue was purified by flash chromatography (Ø = 1.5 cm, height SiO2 = 

13 cm) upon direct loading on silica column to afford products in stated yields.  

 

Table S 1. Screening of reaction conditions 

 

 

 
 

Entry Deviation from standard conditions Yielda 
1 None 88% 
2 No catalyst - 
3 No light - 
4 No SbCl5 6% 
5 Cat oBb (2 mol%) 12% 
6 Cat oCc (2 mol%) 39% 
7 Cat B (2 mol%) 76% 
8 Lower intensity - 40 mW/cm2 33% 
9 0.1 mL benzene 51% 
10 5 eq. benzene 50% 
11 0.2 mmol scale 64% 
12 1 mol% Cat A 43% 

aMeasured by GC-FID, using decane as an internal standard, bCat oB - 4,4',4''-
nitrilotribenzonitrile, cCat oC - tris(4-bromophenyl)amine 

 

 

 General Procedure for Photochemical C-F Substitution of Arenes 

In 5 mL crimp cap vial equipped with a stirring bar, a catalyst B (0.8 mg, 2 µmol, 2 mol%) and a 

nucleophile (0.1 mmol, 1.0 equiv.) were added. The vial was capped, followed by the addition of 

a fluoroarene (0.1 mL) and dry ACN (0.2 mL). SbCl5 (0.1 mL of 50 mM in dry ACN, 5 mol%) 

was added. The vial was irradiated through the plane bottom side with a high-power LED emitting 

at 395 nm with an irradiance of 160 mW/cm2 for 16 h. The residue was purified by flash 

chromatography (Ø = 1.5 cm, height of SiO2 = 13 cm) upon direct loading on silica column to 

afford products in stated yields.  
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Table S 2. Screening of reaction conditions 

 

 

 

Entry Deviation from standard conditions Yielda 
1 None 87% 
2 No catalyst - 
3 No light - 
4 No SbCl5 80% 
5 Cat oBb (2 mol%) 19% 
6 Cat oCc (2 mol%) 32% 
7 Cat B (2 mol%) 41% 
8 Lower intensity - 40 mW/cm2 traces 
9 5 eq. fluorobenzene 58% 
10 0.2 mmol scale 76% 
11 1 mol% Cat A 53% 

aMeasured by GC-FID, using decane as internal standard, bCat oB - 4,4',4''-nitrilotribenzonitrile, 
cCat oC - tris(4-bromophenyl)amine 
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 Electrochemical and Photophysical Characterization 

 

 Stationary Absorption with Stepwise Illumination, Emission and Time-Resolved 

Emission Spectroscopy  

ACN (Carl Roth, spectroscopic grade) was used as solvent in all performed steady-state 

photophysical measurements. The steady-state absorption spectra in the UV/Vis were recorded 

with referenced single-beam photo-spectrometer (Cary 60, Agilent). For the photostability 

determination, the photo-spectrometer was equipped with a self-build sample compartment 

allowing for the usage of self-constructed sample cell holders and light-emitting diodes (LED) 

for sample excitation. The photo-stability of A, B, and oB in ACN was followed by recording 

absorption spectra after stepwise temporally and geometrically defined illumination into the S1 ← 

S0 transition (LED; M340L4, Thorlabs) of the sample in a 10 x 2 mm quartz cell. The rectangular 

excitation pulses were collimated using an anti-reflection coated aspheric lens (COP-A, Thorlabs) 

and delivered along the 2 mm path length of the cuvette orthogonal to the detection beam. The 

sample volume was 120 L ensuring homogeneous illumination of the entire sample volume and, 

thus, avoiding possible effects of diffusion during the recording of the spectra. 

The emission spectra were recorded at room temperature with a steady-state fluorescence 

spectrometer (Horiba Jobin Yvon Fluorolog-3). The emission decays were measured using a self-

constructed time-correlated single photon counting (TCSPC) setup[4] with single wavelength 

detection. The sample set to an optical density of 0.1 over 10 mm pathlength was excited along a 

10 mm pathlength at λexc = 280 nm and the emission was recorded orthogonally to this along a 

2 mm pathlength at the wavelength of maximum emission as given in the corresponding Figures. 

Removal of molecular oxygen from the sample was achieved via four cycles of freeze pump and 

thaw at vacuum pressure in the order of 10-5 mbar. The fluorescence quantum yield was 

determined via total integration of the excitation profile and the emission spectrum (Hamamatsu 

C9920-02 system equipped with a Spectralon® integrating sphere). 
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 Time-Resolved UV/Vis Absorption Spectroscopy 

Sub-ps Pump/Supercontinuum-Probe Spectroscopy 

The transient absorption (TA) in the UV/Vis on fs to ns time range was recorded with an in-house 

build setup as described in.[5] In short, the most important characteristics of the setup: The neutral 

Ar3N samples were excited into the S1←S0 absorption band, i.e., λexc = 340 nm, and the 

electrochemically generated radical cation species were excited into either the D1←D0 absorption 

band, i.e., λexc = 750 nm, or the D3←D0 absorption band, i.e., λexc = 395 nm. The radical cation 

species were generated in the photoelectrochemical cell (Figure S6) and pumped in circles via 

peristaltic pump (ecoline, Ismatec). The pulse energy was set to ca. 300 nJ at the sample position 

focused to ca. 80 µm in all cases. As a probe, a white-light supercontinuum (WLSC) was used 

and generated by focusing 800 nm pulses of ca. 1 mJ into a 5 mm thick CaF2 disc. To maintain a 

linear polarization of the WLSC across the spectrum and over time the disc is rotated in an 

eccentric motion keeping the orientation of the crystal axes relative to the polarization of the 

fundamental constant. At the sample position the spot size of the probe pulse is ca. 40 m. A flow 

sample cell (Starna) of 500 m was used in all experiments. The spectral resolution over the entire 

spectral range was ±50 cm-1, i.e., ±0.5 nm at 300 nm and ±2.5 nm at 700 nm. Typically, the time 

axis is chosen to be linear from −1 ps up to 2.0 ps in 20 fs steps and logarithmic afterwards, until 

the end of the delay stage of 6.5 ns with typically 400 time points. At each delay position of a 

scan an average of over 200 transient absorption spectra was recorded, each calculated for a 

baseline-corrected and referenced single shot. Averaging of at least five independent scans, if not 

stated otherwise, results in the final spectra. For recording the pure population dynamics of all 

excited states, the polarization between pump and probe pulses was set to magic angle (54.73°) 

via a λ/2 plate in the pump beam path. The averaged pre-t0 laser scatter signal was subtracted from 

the data and the ca. 2 ps chirp of the WLSC is corrected before analysis using the coherent artifact 

as an indicator for time zero at each wavelength. No smoothing or filtering procedures were 

applied to the data. 

 

Transient Absorption Spectroscopy in the ns to ms Time Range 

The in-house build transient absorption spectrometer using a streak camera-based detection 

system was used,4,6-7 in which a laser pulse excites the sample and a Xe flash lamp pulses probes 

the excited sample. Only the neutral Ar3N catalysts were investigated on this ns to ms timescale 

using the 355 nm (10 mJ, ca. 10 ns) pulses for excitation generated third harmonic of a Nd:YAG 

laser (10 Hz, Surelite II, Continuum). A pulsed 150 W Xe-flash lamp (Applied Photophysics) was 

used as probe pulse. The sample was pumped with a peristaltic pump (ecoline, Ismatec) in circles 

from a 5 mL reservoir through the 2 mm (excitation path) x 10 mm (probe path) flow cell (Starna) 

ensuring a total replacement of the sample prior to each individual measurement. No significant 

degradation of the photocatalyst was observed under the used conditions. Typically, 100 to 400 
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excitation cycles were recorded, and the corresponding data sets were averaged. To obtain data 

under molecular oxygen-free conditions for each compound, the corresponding sample was 

degassed prior to the measurement by either cycles of freeze pump and thaw at vacuum pressure 

in the order of 10-5 mbar or by bubbling N2 through the sample solution. 

 

Transient Absorption Data Analysis and Modelling  

All transient absorption data recorded in this work include either a one-component system or a 

two-component system under pseudo-first-order conditions which justifies an analysis by a global 

fit to the data using an exponential ansatz. The global fits were performed using an in-house 

written program, of which details are provided in.[4,6-7] In the program the time-resolved 

absorption data matrix ∆A is decomposed into matrix F containing the analytical functions 

accounting for the temporal changes in the data, i.e. exponential decays (convoluted with the 

instrument response, typically a Gaussian function) and a Gaussian together with its first to third 

derivative with identical temporal widths allowing to account for the coherent artifact (equation 

(1): Here, ⊗ gapp(t − t0) means convolution with the apparatus function approximated by a 

Gaussian, 𝛿(t) is the Dirac delta function, and N is the number of exponentials describing the 

dynamics of the TA change over time.),  

 

fk(t) = ෍
di

dti

3

iୀ଴

gart(t − t0) + ቌδ(t) + ෍ exp(−κkt)

N

jୀ1

ቍ ⊗ gapp(t − t0) (1) 

  

and matrix B containing the to be determined spectra via the linear least squares problem in 

equation (2) is solved.  

χ2 = ‖𝚫A − FB‖2 = Min (2) 

The parameters of the temporal function in F are optimized by a nonlinear least squares algorithm 

further optimizing χ2and resulting in so-called decay-associated difference spectra (DADS in 

matrix B) and their associated optimized rate constants. As these DADS are the unique result of 

the global fit, no model is applied for the kinetics involved in the transient processes. SVD-based 

rank analysis allows determining the number of exponentials in the global fit, which is described 

elsewhere.[8] Any model that may relate to the actual species kinetics to the elementary function 

is applied afterwards yielding species-associated spectra (SAS). Decision on the appropriateness 

of a model is obtained by the shape of the SAS in terms of identity with well-known spectra or 

following physical laws. As this step does not change the χ2 value obtained in the global fit, this 

procedure has the advantage of drawing any interpretation with the same quality of fit. 
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Alternatively, known species spectra, taken either from literature or recorded in this work, may 

be taken to decompose the recorded time-resolved data matrix using the transpose of the data 

matrix in equation (2) and using the basis spectra instead of analytical functions. The resulting 

concentration-time profiles inform about the appropriateness of the basis spectra and the physical 

reasonability, e.g., total sum of species being constant to 1.  

 

General photophysical model 

Both photocatalysts investigated show a mono-exponential decay of their excited singlet state 

emission in the absence and the presence of molecular oxygen showing that the bimolecular 

reaction between the first excited singlet and molecular oxygen is of pseudo-first order (see Figure 

S1). Accordingly, the decay rate of the clean excited singlet state decay in the absence of O2 may 

be described via kS1
=  kic + krad + kisc. The radiative rate krad can be determined via krad =

ΦradkS1
 after measuring the corresponding fluorescence quantum yield of the S1 emission of each 

photocatalyst. 

 
Figure S 1. Excited singlet state decay recorded via the time-resolved emission of A (a) and B (b) in (non) degassed 
ACN. The emission was recorded either at 420 nm or at 400 nm after excitation at 280 nm with (black, orange = when 
the degassed sample was re-aerated) and without O2 (blue).  

 

The triplet formation of A and B was recorded via time-resolved absorption spectroscopy on fs 

to ns temporal window (Figure 1 in the main text) and each yield was estimated from a standard 

photophysical model, in which the rate constants κi, which are absolutely obtained from a bi-

exponential global fit on the data (see Figure S2), represent: 

 

κ1 = kic + krad + kisc (3) 

κ2 = kbisc (4) 

  

To note, three more exponentials were actually needed to describe the data best. These additional 

components are of small amplitude, resemble generally the first derivative of the main transient 

contributions, and have lifetimes in the range of ca. 1 ps to ca. 40 ps. Thus, these spectral 



  CHAPTER 4 

195 
 

dynamics describe small spectral shifts arising from intramolecular vibrational energy 

redistribution (IVR) and intermolecular vibronic energy transfer (IET) to the environment. The 

decay of the thermally and electronically excited species into the equilibrated excited singlet state 

occurs in three phases for both compounds and the corresponding three spectra may be 

approximated by adding subsequently each of the three DADS, that describe the small spectral 

shifts, to the determined equilibrated S1 state (vide infra). The SAS of thermally equilibrated 

excited singlet and triplet are determined as follows:  

Considering the ground state contribution, SS0
, one obtains the following relationship between the 

SAS, Si, and the DADS, Di: 

SS1
=

(D1 + D2)

c0
+ SS0

 (5) 

ST1
=

(κ1 − κ2)D2

c0Φisc 
κ1

+ SS0
 

  

(6) 

 

 

Only the parameters c0 and Φisc are undetermined. The requirement that the resulting SAS must 

be positive and should not show any of the characteristic bands of the other species allows to find 

upper and lower bounds for these parameters. In particular, the negative peaks from the ground 

state bleach should disappear in the SAS. Figure S3 shows the in-silico titration of those two 

parameters for estimating the best values for both photocatalysts. The spectra of the thermally and 

electronically excited S1
hot-௜ states were calculated following equations 7 to 9, where the D′௜ 

represent the three additional DADS that attribute to the small spectral changes due to IVR and 

IET (see Figure 1 in the main text).  

 

SS1
hot-1

 
= D′1 + D′2 + D′3 + SS1

 (7) 

SS1
hot-2

 
= D′2 + D′3 + SS1

 (8) 

SS1
hot-3

 
= D′3 + SS1

 (9) 
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Figure S 2. Decay-associated difference spectra resulting from a global exponential fit with five components to the 
transient absorption data obtained for A (a) and B (b) in ACN.  

 

 

Figure S 3. Main contributing SAS of compounds A (a-b) and B (c-d) in ACN contributing to the transient absorption 
data based on the model described in the SI text. The S1 state, Sn ← S1 transitions, (left panels), and the T1 state, Tn ← 
T1 transitions, (right panels) are determined by varying the ground state contribution, c0, and the triplet yield, Φisc, 
between lower and upper bounds, respectively. At the lower bounds the corresponding spectrum becomes negative and 
above the contributions of the S0 state spectrum, Sn ← S0 transitions, arise. The S0 spectrum is plotted in grey in all 
panels for comparison.   
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Figure S 4. Time-resolved optical spectroscopy of compounds B in non-degassed (a) and degassed (b) ACN after 
excitation at 355 nm in a 5 s time window. c-d: Decay associated difference spectra (DADS) in compassion to the 
triplet [3]B spectrum form fs-TA (cyan) and the electrochemically generated radical cation B•+ spectrum as indicated. 
To note, here the data were recorded in a longer time window than for the data for compound A shown in Figure 3.  

 

Cyclic voltammograms for A and B in ACN (Figure S5) were recorded against ferrocene using 

NBu4PF6 (0.1 M) as supporting electrolyte, glassy carbon anode, Pt cathode and Ag reference 

electrode. The corresponding redox potentials were calculated as follows: potential of sample 

against Ag electrode minus potential of ferrocene reference system against Ag electrode plus 

correction of +0.38 V for conversion to the potential against saturated calomel electrode (SCE). 

 

 

Figure S 5. Cyclic voltammogram of compounds A (a; Epc
Ox-1= 1.03 V, Epa

Ox-1 = 0.98 V) and B (b; Epc
Ox-1 = 1.61 V, Epa

Ox-1 

= 1.52 V) in relation to the Fc/Fc+ (in a: Epc
Ox-1 = 0.63 V, Epa

Ox-1 = 0.60 V; in b: Epc
Ox-1 = 0.69 V, Epa

Ox-1 = 0.61 V) redox 
couple. Cat (A/A•+) = 1.00 - 0.62 + 0.38 = 0.76 V vs. SCE. Cat (B/B•+) = 1.56 - 0.65 + 0.38 = 1.29 V vs. SCE.  
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The sequence of UV/Vis absorption spectra for A and B after stepwise application of an 

increasingly positive voltage up to 1.6 V or 1.7 V (vs. Ag electrode), respectively, is shown Figure 

S6. In both cases isosbestic points indicate a clean stochiometric conversion. 

 

 

Figure S 6. Electrochemical characterization of A (a) and B (b) in ACN. a,b: The sequence of UV/Vis absorption 
spectra for A (a) and B (b) in ACN after stepwise application of an increasingly positive voltage up to 1.6 V or 1.7 V 
(vs. Ag electrode), respectively. Inset in a: A in ACN after applying a constant voltage of 1.5 V to a carbon electrode 
(black), after bubbling air through the sample (blue dashed), and immediately after addition of one droplet of water 
(red).  

 

All reactions were carried with dry solvents unless otherwise stated. Reagents were purchased at 

the highest commercial quality and used without further purification, unless stated otherwise. 

Graphite electrodes were purchased from Faber-Castell (TK 9071, HB) and Pt-foil from Alfa 

Aesar (0.01 mm, 99.99%). The power supply was purchased from PekTech® (6080A, 0-15 V, 0-

3 A DC) and the electrodes were connected via red (+) and black (-) mini hook clamps. Precision 

Seal® rubber septa were purchased by Sigma-Aldrich. Fabrication of divided half-cells was done 

in-house. Built-in porous filter disc (Ø 1 cm, max. pore size 16-40 µm) was purchased from 

Duran®.  

 

 

Figure S 7. Photoelectrochemical cell showing the two half cells connected via a porous filter disc. Shown are the left 
half-cell for the sample equipped with the carbon working electrode and the right half-cell equipped with the platinum 
counter electrode. 
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Figure S 8. Decay-associated difference spectra resulting from a global exponential fit with three components to the 
transient absorption data obtained for A•+ in ACN from data in Figure 4B (a) and the corresponding contributing SAS 
based on a sequential model of relaxation processes (b-d): The thermally and electronically excited doublet state D1

hot, 
Dn ← D1

hot transitions, (b) relaxes via intramolecular vibrational energy redistribution (IVR) and intermolecular 
vibronic energy transfer (IET) into the relaxed excited doublet state D1

  (Dn ← D1
  transitions, c). Finally, internal 

conversion (IC) leads to formation of the thermally excited ground state doublet D0
hot (Dn ← D0

hot transitions, d), which 
relaxes to the equilibrated doublet ground state D0

  (Dn ← D0
  transitions, grey line in each panel). The ground state 

contribution, c0, was determined by varying between lower and upper bounds so that the spectrum neither is negative 
nor shows contributions of the D0 spectrum. The yields for IET and IC reveal only reasonable spectra when equal to 
one, which is also justified by the fact that no further long-lived transient absorption signal is observed.  
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Figure S 9. Transient absorption of SbCl5 in ACN following excitation at 355 nm showing a light-induced first 
photoproduct (PP1) with a lifetime in s timescale, which converts further into a second photoproduct (PP2, difference 
spectrum between the spectra prior (pre-TA) and post (post-TA) the transient absorption measurement in the inset). 

 

 Computational Investigations 

Quantum-mechanical calculations on a bridged triaryl amine unsubstituted in para position as 

well as on Cat B were performed using the Orca package.[9-10] The geometries of their lowest 

doublet and quartet states were optimized on the level of unrestricted closed shell density 

functional theory URHF-DFT using the B3LYP functional and the DEF2-TZVP basis set with D4 

dispersion correction. To note, in the quartet state the planar configuration of the doublet state 

twists along one phenyl ring. For all optimized species the first 40 excited states in each spin state 

were calculated on the TD-DFT(B3LYP)/D4//DEF2-TZVP level of theory and the electronic 

states were connected by parabolas as a simplified harmonic approximation in configurational 

space (see Figure S11). 
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Figure S 10. Quantum-chemical calculation of the bridged triaryl amines in their doublet (left, black) and quartet states 
(right, blue). a: Derivative unsubstituted in para position. b: Cat B was investigated also experimentally in this work. 
The geometries of D0 and Q1 were optimized on the DFT-B3LYP-D4//DEF2-TZVP level in the gas phase. For each 
geometry the first 20 excited states were calculated on the TD-DFT-B3LYP-D4//DEF2-TZVP level of theory. As a 
simplified harmonic approximation in configurational space, the electronic states in the two corresponding geometries 
are connected by a parabola. Those states to which the transition probability is very low are shown in dashed lines 
and the experimentally relevant excitation energy is shown by a magenta arrow indicating that intersystem crossing to 
the lowest quartet state is in principle energetically accessible. 
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 Mass Spectroscopic Investigation 

 

 

Figure S 11. High-resolution mass spectrum of a sample consisting of the electrochemically formed A•+, benzene, ethyl-
1H-pyrazole-4-carboxylate, and the conducting salt Bu4NPF6 in ACN after irradiation for72 h with 640 nm light.  

 

 

Figure S 12. High-resolution mass spectrum of a sample consisting of the electrochemically formed A•+, 1,4-dimethoxy-
benzene, ethyl-1H-pyrazole-4-carboxylate, and the conducting salt Bu4NPF6 in ACN after irradiation for 72 h with 640 
nm light.   
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 Characterization of Products 

 

Ethyl 1-phenyl-1H-pyrazole-4-carboxylate (1a): Ethyl 1-phenyl-1H-pyrazole-

4-carboxylate 1a was prepared according to General Procedure B. The residue 

was purified by flash chromatography upon direct loading on silica column 

(petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to yield colorless crystalline needles 

(19 mg, 88%). 1H NMR (300 MHz, CDCl3), δ (ppm): 8.41 (s, 1H), 8.10 (s, 1H), 7.76 – 7.62 (m, 

2H), 7.56 – 7.40 (m, 2H), 7.38-7.34 (m, 1H), 4.34 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H). 
13C NMR (75 MHz, CDCl3), δ (ppm): 162.9, 142.2, 139.4, 130.0, 129.6, 127.6, 119.6, 118.2, 

60.5, 14.4). Data in accordance with literature.[11] 

 
Ethyl 1-(4-chlorophenyl)-1H-pyrazole-4-carboxylate (1b): Ethyl 1-(4-

chlorophenyl)-1H-pyrazole-4-carboxylate 1b was prepared according to 

General Procedure B. The residue was purified by flash chromatography upon 

direct loading on silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to 

yield a white crystalline solid (21 mg, 84%, 2:1 para/ortho). Para isomer: 1H NMR (300 MHz, 

CDCl3), δ (ppm): 8.37 (s, 1H), 8.09 (s, 1H), 7.65 (d, J = 9.0 Hz, 2H), 7.45 – (d, J = 9.0 Hz, 2H), 

4.34 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3), δ (ppm): 162.7, 

142.4, 138.0, 133.2, 130.0, 129.8, 120.8, 117.3, 60.6, 14.4. Data in accordance with literature.[11] 

 

Ortho isomer: 1H NMR (300 MHz, CDCl3), δ (ppm): 8.35 (s, 1H), 8.13 (s, 1H), 

7.65 – 7.48 (m, 2H), 7.49 -4.35 (m, 2H), 4.34 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 

Hz, 3H). 13C NMR (75 MHz, CDCl3), δ (ppm): 162.5, 142.1, 135.0, 134.7, 

130.8, 129.9, 128.5, 127.7, 60.5, 14.4. Data in accordance with literature.[11] 

 

Ethyl 1-(4-fluorophenyl)-1H-pyrazole-4-carboxylate (1c): Ethyl 1-(4-

fluorophenyl)-1H-pyrazole-4-carboxylate 1c was prepared according to 

General Procedure C. The residue was purified by flash chromatography upon 

direct loading on silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to 

yield a white crystalline solid (20 mg, 87%). 1H NMR (400 MHz, CDCl3), δ (ppm): 8.43 (s, 1H), 

8.17 (s, 1H), 7.82 – 7.70 (m, 2H), 7.30 – 7.24 (m, 2H), 4.42 (q, J = 7.1 Hz, 2H), 1.46 (t, J = 7.1 

Hz, 3H). 13C NMR (101 MHz, CDCl3), δ (ppm): 163.0, 162.8, 142.2, 135.8, 130.1, 121.6, 121.5, 

117.0, 116.4, 60.5, 14.4. 19F NMR (377 MHz, CDCl3), δ (ppm): -114.64. Data in accordance 

with literature.[12] 

N
N

CO2Et
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Ethyl 1-(4-bromophenyl)-1H-pyrazole-4-carboxylate (1d): Ethyl 1-(4-

bromophenyl)-1H-pyrazole-4-carboxylate 1d was prepared according to 

General Procedure C. The residue was purified by flash chromatography upon 

direct loading on silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to 

yield a white solid (16.5 mg, 56%). 1H NMR (400 MHz, CDCl3), δ (ppm): 8.37 (s, 1H), 8.11 (s, 

1H), 7.60 (s, 4H), 4.34 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3), 

δ (ppm): 163.7, 142.4, 138.4, 132.7, 129.9, 121.0, 120.9, 117.3, 60.6, 14.4. Data in accordance 

with literature.[13] 

 

Ethyl 1-(2-fluorophenyl)-1H-pyrazole-4-carboxylate (1e): Ethyl 1-(4-

fluorophenyl)-1H-pyrazole-4-carboxylate 1e was prepared according to General 

Procedure C. The residue was purified by flash chromatography upon direct 

loading on silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to yield a 

white solid (11 mg, 48%). 1H NMR (400 MHz, CDCl3), δ (ppm): 8.48 (d, J = 2.5 Hz, 1H), 8.12 

(s, 1H), 7.95 – 7.85 (m, 1H), 7.38 – 7.31 (m, 1H), 7.25-7.31 (m, 2H), 4.34 (q, J = 7.1 Hz, 2H), 

1.38 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3), δ (ppm): 162.8, 143.6, 142.0, 140.9, 134.1, 

128.8, 117.0, 116.49, 60.5, 14.4. 19F NMR (377 MHz, CDCl3), δ (ppm): -125.25. HRMS: 

calculated for B2H12FN2O2
+ (M+H+): 235.0805, found 235.088. 

 

Ethyl 1-(2,5-dichlorophenyl)-1H-pyrazole-4-carboxylate (1f): Ethyl 1-

(2,5-dichlorophenyl)-1H-pyrazole-4-carboxylate 1f was prepared according 

to General Procedure B. The residue was purified by flash chromatography 

upon direct loading on silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) 

to yield a white crystalline solid (8 mg, 28%). 1H NMR (400 MHz, CDCl3), δ (ppm): 8.39 (s, 

1H), 8.13 (s, 1H), 7.65 (d, J = 2.4 Hz, 1H), 7.51-7.45 (m, 1H), 7.38 (d, J = 2.4 Hz, 1H), 4.33 (q, J 

= 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3), δ (ppm): 162.9, 142.4, 

134.6, 133.6, 131.7, 129.8, 127.6, 127.7, 119.7, 116.9, 60.6, 14.4. HRMS: calculated for 

C12H11Cl2N2O2
+ (M+H+): 285.0192, found 285.0193. 

 

Ethyl 1-(2,3-dichlorophenyl)-1H-pyrazole-4-carboxylate (1g) Ethyl 1-(2,3-

dichlorophenyl)-1H-pyrazole-4-carboxylate 1g was prepared according to 

General Procedure B. The residue was purified by flash chromatography upon 

direct loading on silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to 

yield a white crystalline solid (12 mg, 43%). 1H NMR (300 MHz, CDCl3), δ (ppm): 8.38 (s, 1H), 

8.10 (s, 1H), 7.69-7.62(m, 1H), 7.59-7.51 (m, 2H), 7.38 4.34 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 

N
N

CO2Et

F
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Hz, 3H). 13C NMR (75 MHz, CDCl3), δ (ppm): 165.5, 142.7, 131.3, 129.9, 121.4, 118.4, 60.7, 

14.4. HRMS: calculated for C12H11Cl2N2O2
+ (M+H+): 285.0192, found 285.0194. 

 

Ethyl 1-(4-chloro-3-fluorophenyl)-1H-pyrazole-4-carboxylate (1h): Ethyl 

1-(4-chloro-3-fluorophenyl)-1H-pyrazole-4-carboxylate 1h was prepared 

according to General Procedure C. The residue was purified by flash 

chromatography upon direct loading on silica column (petroleum ether/ethyl acetate, gradient 

from 90:10 to 70:30) to yield a crystalline white solid (13 mg, 48%). 1H NMR (300 MHz, 

CDCl3), δ (ppm): 8.38 (s, 1H), 8.09 (s, 1H), 7.65 – 7.55 (m, 1H), 7.54 – 7.40 (m, 2H), 4.33 (q, J 

= 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3), δ (ppm): 162.5, 142.6, 

131.4, 130.0, 118.2, 117.7, 115.2, 108.6, 60.7, 14.4. 19F NMR (282 MHz, CDCl3), δ (ppm): -

112.08. HRMS: calculated for C12H10ClFN2O2
+ (M): 268.0415, found 268.0412 

 

Ethyl 1-(o-tolyl)-1H-pyrazole-4-carboxylate (1i): Ethyl 1-(o-tolyl)-1H-

pyrazole-4-carboxylate 1i was prepared according to General Procedure C. The 

residue was purified by flash chromatography upon direct loading on silica 

column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to yield 

a white solid (19 mg, 83%). 1H NMR (300 MHz, CDCl3), δ (ppm): 8.11 (s, 1H), 8.09 (s, 1H), 

7.38-7.26 (m, 4H), 4.34 (q, J = 7.1 Hz, 2H), 2.25 (s, 3H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (75 

MHz, CDCl3), δ (ppm): 141.7, 133.9, 133.7, 131.5, 129.2, 126.8, 126.0, 118.2, 115.9, 60.4, 14.4. 

Data in accordance with literature.[14] 

 

4-Chloro-1-phenyl-1H-pyrazole (2a): 4-Chloro-1-phenyl-1H-pyrazole 2a was 

prepared according to General Procedure B. The residue was purified by flash 

chromatography upon direct loading on silica column (petroleum ether/ethyl 

acetate, gradient from 90:10 to 70:30) to yield a white crystalline solid (12 mg, 67%). 1H NMR 

(300 MHz, CDCl3), δ (ppm): 7.91 (s, 1H), 7.67 – 7.60 (m, 3H), 7.50 - 7.42 (m, 2H), 7.35-7.28 

(m, 1H). 13C NMR (75 MHz, CDCl3), δ (ppm): 139.7, 139.5, 129.6, 127.0, 124.9, 119.0, 112.4. 

Data in accordance with literature.[11] 

 

4-Chloro-1-(4-fluorophenyl)-1H-pyrazole (2b): 4-Chloro-1-(4-fluoro 

phenyl)-1H-pyrazole 2b was prepared according to General Procedure C. The 

residue was purified by flash chromatography upon direct loading on silica 

column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to yield 

a white solid (14 mg, 71%). 1H NMR (300 MHz, CDCl3), δ (ppm): 7.84 (d, J = 0.4 Hz, 1H), 7.63 
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(s, 1H), 7.66-7.52 (m, 2H), 7.20 – 7.10 (m, 2H). 13C NMR (75 MHz, CDCl3), δ (ppm): 163.0, 

159.8, 139.6, 125.0, 120.9, 120.8, 116.6, 116.3, 112.7. 19F NMR (282 MHz, CDCl3), δ (ppm): -

115.43. Data in accordance with literature.[15] 

 

1-(4-Fluorophenyl)-1H-pyrazole-4-carbaldehyde (2c): 1-(4-fluorophenyl)-

1H-pyrazole-4-carbaldehyde 2c was prepared according to General Procedure 

C. The residue was purified by flash chromatography upon direct loading on 

silica column (petroleum ether/ethyl acetate, gradient from 90:10 to 70:30) to yield a white solid 

(7 mg, 37%). 1H NMR (400 MHz, CDCl3), δ (ppm): 10.02 (s, 1H), 8.44 (s, 1H), 8.21 (s, 1H), 

7.78 – 7.72 (m, 2H), 7.29 – 7.23 (m, 2H). 13C NMR (101 MHz, CDCl3), δ (ppm): 184.0, 162.2, 

160.8, 141.8, 130.0, 125.8, 121.8, 121.7, 116.8, 116.6. 19F NMR (282 MHz, CDCl3), δ (ppm): -

113.78. Data in accordance with literature.[11] 

 

6-Chloro-9-phenyl-9H-purine (2d): 6-Chloro-9-phenyl-9H-purine 2d was 

prepared according to General Procedure B. The residue was purified by flash 

chromatography upon direct loading on silica column (petroleum ether/ethyl 

acetate, gradient from 90:10 to 95:5) to yield a yellow solid (16 mg, 70%, 5:3 9H 

to 7H isomer) 1H NMR (300 MHz, CDCl3), δ (ppm): 8.83 (s, 1H), 8.42 (s, 1H), 7.71 (d, J = 7.9 

Hz, 2H), 7.63 (t, J = 7.6 Hz, 2H), 7.54 (d, J = 7.6 Hz, 1H). 13C NMR (75 MHz, CDCl3), δ (ppm): 

152.7, 151.6, 151.4, 144.2, 133.9, 131.5, 130.2, 129.1, 123.7. Data in accordance with 

literature.[16] 

 

7H isomer: 1H NMR (300 MHz, CDCl3), δ (ppm): 8.97 (s, 1H), 8.35 (s, 1H), 

7.65-7.55 (m, 3H), 7.49 – 7.43 (m, 2H). 13C NMR (75 MHz, CDCl3), δ (ppm): 

152.8, 149.0, 134.7, 130.3, 129.6, 126.3. HRMS: calculated for C11H8ClN4
+ 

(M+H+): 231.0432, found 231.0435. 

 

6-Chloro-9-(4-fluorophenyl)-9H-purine (2e): 6-Chloro-9-(4-fluorophenyl)-

9H-purine 2e was prepared according to General Procedure C. The residue was 

purified by flash chromatography upon direct loading on silica column 

(DCM/MeOH, gradient from 100:0 to 95:5) to yield a yellow solid (19 mg, 

77%, 2:1 9H to 7H isomer). 1H NMR (300 MHz, CDCl3), δ (ppm): 8.78 (s, 1H), 8.33 (s, 1H), 

7.68-7.63 (m, 2H), 7.30 – 7.22 (m, 2H). 13C NMR (75 MHz, CDCl3), δ (ppm): 164.2, 152.8, 

151.9, 144.0, 129.9, 125.8, 125.7, 118.2, 117.4, 117.1. 19F NMR (282 MHz, CDCl3), δ (ppm): -

111.58. HRMS: calculated for CH7ClFN4
+ (M+H+): 249.0338, found 249.0339. 



  CHAPTER 4 

207 
 

tert-Butyl phenylcarbamate (2f): tert-Butyl phenylcarbamate 2f was prepared 

according to General Procedure B. The residue was purified by flash 

chromatography upon direct loading on silica column (petroleum ether/ethyl acetate, gradient 

from 90:10 to 70:30) to yield a white solid (4 mg, 21%). 1H NMR (400 MHz, CDCl3), δ (ppm): 

7.41 – 7.26 (m, 4H), 7.03 (t, J = 7.3 Hz, 1H), 6.52 (s, 1H), 1.52 (s, 9H). 13C NMR (101 MHz, 

CDCl3), δ (ppm): 152.6, 138.3, 128.9, 123.0, 120.8, 118.5, 28.3. Data in accordance with 

literature.[17] 
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 Unreactive Substrates and Nucleophiles 

 
The screening conditions were evaluated with a variety of substrates and nucleophiles. Those 
shown below did not result in product formation or delivered product in low yields. 
 

 C-H Oxidation 

 

Cat C1 (2 mol%)
SbCl5 (5 mol%)+
ACN (0.3 mL)

air, 16 h

HP LED 395 nm

160 mW/cm2

0.2 mL
4.5 M

0.1 mmol
0.2 M

[Cat] = 4.0 mM
[SbCl5] = 10 mM

arene-H nucleophile product

 
 

N

N
CO2Et

Cl

NC

19%

N

N
CO2Et

CF3

12%

N

N
CO2Et

NC

no product

N

N

no product

N

N

N
CO2Et

mostly mixture
of pyridine dimers

N

N
CO2Et

21%

Br

Br

CN

no product

N

no product

N

BrBr

Br

N

N

N
N

NH2

traces

N

NH
Me

O

O

no product  
 
 

 C-F Substitution 

 
Cat B1 (2 mol%)
SbCl5 (5 mol%)+
ACN (0.3 mL)

air, 16 h

HP LED 395 nm
160 mW/cm2

0.1 mL
1.9 M

0.1 mmol
0.2 M

[Cat] = 4.0 mM
[SbCl5] = 10 mM

arene-F nucleophile product

 
 

N

N
CO2EtF

23%

N

N
CO2Et

many products

N

N
CO2Et

CN

no product

N

N

N
N

NH2

N NH

Me

NH2

O

no product

CF3

traces

NH2

F

15%

N

N

N
NH

O

F

17% F
F

N

N
CO2Et

O2N

no product

N

N
CO2Et

NC
18%

H
N

many products  
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 NMR Spectra of Isolated Compounds 

 

2,6,10-tris(2,4-difluorophenyl)-4,4,8,8,12,12-hexamethyl-8,12-dihydro-4H benzo [9,1] 

quinolizino [3,4,5,6,7-defg] acridine (Cat A) 

 

1H NMR (400 MHz, CDCl3) 

 

  

N

F

F F

F

F

F
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13C NMR (75 MHz, CDCl3)  

 

 

19F NMR (121 MHz, CDCl3) 
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4,4,8,8,12,12-Hexamethyl-8,12-dihydro-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridine-

2,6,10-tricarbonitrile (Cat B)  

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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Ethyl 1-phenyl-1H-pyrazole-4-carboxylate (1a) 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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Ethyl 1-(4-chlorophenyl)-1H-pyrazole-4-carboxylate (1b) 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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Ethyl 1-(2-chlorophenyl)-1H-pyrazole-4-carboxylate 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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Ethyl 1-(4-fluorophenyl)-1H-pyrazole-4-carboxylate (1c) 

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (101 MHz, CDCl3) 
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19F NMR (376 MHz, CDCl3) 

 

 

19F NMR (376 MHz, CDCl3) {1H} 
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Ethyl 1-(4-bromophenyl)-1H-pyrazole-4-carboxylate (1d) 

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (101 MHz, CDCl3) 
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Ethyl 1-(2-fluorophenyl)-1H-pyrazole-4-carboxylate (1e) 

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (101 MHz, CDCl3) 

 

N
N

CO2Et

F
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19F NMR (376 MHz, CDCl3) 
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Ethyl 1-(2,5-dichlorophenyl)-1H-pyrazole-4-carboxylate (1f) 

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (101 MHz, CDCl3) 
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Ethyl 1-(2,3-dichlorophenyl)-1H-pyrazole-4-carboxylate (1g) 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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Ethyl 1-(4-chloro-3-fluorophenyl)-1H-pyrazole-4-carboxylate (1h) 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (101 MHz, CDCl3) 
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19F NMR (282 MHz, CDCl3) 
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Ethyl 1-(o-tolyl)-1H-pyrazole-4-carboxylate (1i) 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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4-Chloro-1-phenyl-1H-pyrazole (2a) 

1H NMR (300 MHz, CDCl3) 

 

 

 

13C NMR (75 MHz, CDCl3) 
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4-Chloro-1-(4-fluorophenyl)-1H-pyrazole (2b) 

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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19F NMR (282 MHz, CDCl3) 
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1-(4-Fluorophenyl)-1H-pyrazole-4-carbaldehyde (2c) 

1H NMR (400 MHz, CDCl3)  

 

 

13C NMR (75 MHz, CDCl3) 
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19F NMR (282 MHz, CDCl3) 

 



  CHAPTER 4 

230 
 

6-Chloro-9-phenyl-9H-purine (2d) 

1H NMR (300 Hz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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6-Chloro-7-phenyl-7H-purine  

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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6-Chloro-9-(4-fluorophenyl)-9H-purine (2e) 

1H NMR (300 MHz, CDCl3) 

 

 

13C NMR (75 MHz, CDCl3) 
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19F NMR (282 MHz, CDCl3) 
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tert-Butyl phenylcarbamate (2f) 

1H NMR (400 MHz, CDCl3) 

 

 

13C NMR (101 MHz, CDCl3) 
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After two examples of homogeneous catalysis, we looked at heterogeneous approaches. To 

generate extreme redox potentials, the band structure of the semiconductor material must meet 

certain criteria. With hydrogen-terminated nanodiamonds (DND-H) we got our hands on a 

promising material. Chapter 5 shows how it can be successfully used in photocatalysis. 
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5 Arene Hydrodehalogenation by Hydrogen-
Terminated Diamond Semiconductor and 
Visible Light 

 

 

 

 

 

 

 

 

 

 

 



  CHAPTER 5 

238 
 

 Abstract 

Diamond semiconductors are promising materials to engage in redox reactions. Boron 

doping and surface termination offer a variety of options to tune the material for specific 

applications. Already established in electrochemistry, the use of diamond in photoredox 

catalysis has not yet been studied in detail. Herein, we report that hydrogen-terminated 

detonation nanodiamond (DND-H) shows photoredox activity, giving access to redox 

potentials of about 3 V (vs SCE). Irradiated at 395 nm it mediates the dehalogenation of 

electron-rich aryl halides via a radical mechanism, which makes DND-H suitable for the 

catalytic dehalogenation of dioxins, PCB’s and pesticides. The diamond catalyst material 

is available on kilogram scale, can be recovered by a simple centrifugation and reused at 

least five times. 
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 Introduction 

Diamond materials have found applications in organic electrochemistry[7] and 

photoelectrocatalysis.[8] The chemical inertness and its mechanical strength make the carbon 

allotrope special. The most common modification, doping with boron or nitrogen, transforms the 

insulator into a semiconductor[9] with applications ranging from electrode material for organic 

transformations[10–12] and analytics[13] to the use in electrical components like capacitors[14] or 

transistors[15,16] Alternatively, the material properties are manipulated by nanostructuring and 

surface modification.[17–19] Generated via blast, such detonation nanodiamonds (DND)[20] most 

commonly undergo a hydrogen termination, even though alcohol, ketone, or acid functionalities 

are easy to access.[21] The reason is that hydrogen-terminated nanodiamonds (DND-H) exhibit 

unique negative electron affinity and high p-type surface conductivity.[22,23] Optically, the 

properties change in such a way that a transparency peak between zone-center optical phonon and 

free carriers (holes) at 1328 cm–1 (Fano-type effect)[24] is created. Defects in bulk and surface, 

uncomplete termination, surface roughness and ionic adsorbates create electronic disorder in the 

2D-system which decreases the resistance by four orders of magnitude[25] and thereby enables the 

photoemission of electrons.[22,26–29] With an absorption at 395 nm, DND-H provides a theoretical 

redox potential of -3.2 eV, representing one of the most negative values known in photoredox 

catalysis.[30] To our knowledge only Mes-Acr* (-2.9 V respectively -3.36 V vs SCE) can provide 

a similar reduction power, which has been proven experimentally by reductive 

hydrodehalogenation of electron-rich arenes.[30] Polychlorinated biphenyls (PCBs), Dioxins and 

several halide-bearing pesticides are, even though some of them are long banned, a current 

issue.[31,32] Due to their persistency, those toxins[33] bioaccumulate within the food chain and new 

decontamination processes including physical[34] photo-[30,35] and electrochemical[36] processes 

are in demand.[35,37–43] Harsh conditions including high temperature,[39,40,43] the use of sodium 

hydride,[39], high H2-pressure[40] or the need for a metal catalyst[35,37,38,40–43] should be avoided 

and light-driven dehalogenation may be considered as a valuable alternative.  
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 Results and Discussion 

With a more negative potential than -2.7 V vs. SCE,[30] 1-bromo-4-tert-butylbenzene is at the 

upper limit of the redox window of DND-H and was therefore chosen to act as standard substrate 

(Table 1). Under optimized conditions, 30% of tert-butylbenzene 2a can be obtained within 16 h, 

and 50 % within 48 h. Light, DND-H and a sacrificial electron donor (SED) are indispensable. 

The standard conditions were fixed to a high concentration of substrate (400 µmol, 0.8 M). Higher 

dilution (400 µmol, 0.4 M) significantly reduces the yield (18%), whereas a lower addition of SM 

(200 µmol, 0.4 M) has hardly any effect (36%). The amount of catalyst was set to 3 mg, as smaller 

quantities are both difficult to weigh and deliver slightly lower yields (Table S1). A catalyst 

loading of 5 mg or more decreases the yield (20%) drastically, most probably by blocking light 

from entering the suspension. Light of shorter wavelength (365 nm) can directly excite various 

aromatic compounds, leading to uncontrollable side reactions.[44] Longer wavelengths (455 nm) 

are not energetic enough to excite an electron into the conducting band of the semiconductor – no 

reaction occurs (Table S2). Out of all the organic and inorganic bases tested (Table S3), DIPEA 

worked best when added in two equivalents. Although previous work on boron-doped diamond 

reported the formation of solvated electrons in water,[45] no productive dehalogenation was 

observed. In general, organic aprotic solvents are more suitable than protic solvents for this 

reaction (Table S4). The atmosphere must be free of oxygen, since the yield decreases with an 

increasing proportion of oxygen (Table S5). 

 

Table 1. Reaction conditions & control reactionsa 

 
Entry Deviation from standard conditions Yield /%b 

1 non 30 
2 48 h 50 
3 no catalyst - 
4 no DIPEA - 
5 dark - 
6 DIPEA (2.5 equiv.) 31 
7 NEt3 (2.0 equiv.) 14 
 1 mL ACN (0.4M) 18 
8 0.5 mL ACN (0.4 M) 36 

a Reaction condition: 1a (0.4 mmol), DIPEA (0.8 mmol), DND-H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 25°C, 16 h, N2. b 
Yield was determined by GC-FID analysis against n-heptane as an internal standard, 

 

The scope of the reaction was investigated for various aryl halides, mainly focusing on bromides 

and chlorides (Figure 2). In most cases, fair to excellent yields were obtained after 48 h. Within 

the series of aryl halides (1at, 1au, 1av respectively 1f, 1g, 1h), iodides are the most reactive 

species, followed by bromides and chlorides. As expected, the electron-donating or -withdrawing 

nature of the substituent influences the redox potential and thus the reaction outcome as follows: 
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Benzonitriles (1ae, 1af) as well as aryl halides baring a trifluoromethyl functionality (1r, 1s) are 

easier to reduce and exhibit higher yields than electron-rich (1a to 1m) substrates. For alkyl-

substituted substrates, ortho-bromides exhibit higher yields than their metha counterpart (1b, 1c). 

This known trend is evident for electron-rich aromatics. Examples 1g and 1i use anisoles to show 

the preference for the para position over the metha position. In addition to alkyl-substituted aryl 

bromides (1a, 1c, 1d), anisoles (1f, 1j, 1k, 1l, 1m), diphenyl ether (1n) (84%), thioether (1t) 

(93%) and trifuoromethyl ether (1q) (65%) are converted in mostly fair to very good yields. The 

corresponding chloro- variants (1g, 1i, 1o, 1u, 1w) give poor to fair yields. Examples 1l and 1n 

illustrate the preference for benzylic bromides over aryl bromides. In presence of two leaving 

groups, only the benzylic halide was cleaved. Larger aromatics such as naphthalenes (1x, 1y) and 

biphenyls (1aa to 1ad) are hydrodehalogenated in good to quantitative yields. Even the double 

hydrodehalogenation (1ad) is very efficient when using twice the amount of DIPEA. This high 

conversion of diphenyl bromides is particularly interesting regarding the possible application of 

the process for the degradation of PCBs. The poor yield of 1-iodonapothalin (1z) is contrary to 

our expectations and can be explained by the observation of large amounts of unidentified, solid 

by-product which was separated during catalyst centrifugation. To demonstrate an example of a 

synthetic application for the degradation of environmental toxins, dicofol, a common acaricide, 

was successfully dechlorinated. The tolerance towards acids (1ag, 1ah), amines (1ar) and 

trimethylsilanes (1aq) further extends the potential applications to late-stage modification of 

molecules.[42] The reaction of heteroaromatic substrates, such as pyridines (1ai to 1am) and 

pyrazines (1am), leads to fair to good yields, while furans (1ao) give only trace amounts and 

isoxazoles (1an) no product at all. Thiophene 1ap gave a low yield (35%) of the dehalogenated 

product. In the presence of several different halide leaving groups (I, Br, Cl), the above-mentioned 

reactivity differences within the seventh main group are corroborated (1aw to 1az). The iodo- 

leaving group is always completely cleaved, bromo- and chloro- substituents follow in the 

expected order. 
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Figure 1. Substrate scope of the reductive hydrodehalogenation of aryl halides under DND-H photocatalysis. Yields 
are given in respect of the hydrodehalogenation of the color-indicated bond. Reaction condition: aryl halide (0.4 
mmol), DIPEA (0.8 mmol), DND-H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 48 h, 25°C, N2. The yields in parentheses 
were determined after 16 hours of reaction time. α 1.6 mmol of DIPEA. β 2.4 mmol of DIPEA.a Yields were determined 
by GC-FID analysis against n-heptane as internal standard. b Yields were determined by NMR analysis against 
hexamethyldisiloxane (HMDSO) as internal standard. Note: Tests on PCBs were not performed for safety reasons and 
to avoid the production and distribution of such substances.   
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The process of dehalogenation, as a unimolecular reaction, follows first-order kinetics (Figure 2). 

After a short phase (5 h) of concentration independence, the turnover rate decreases as the reaction 

proceeds. The rate of substrate conversion was determined to be k = -6.71x10-6 M-1s-1 based on 

the calculated substrate concentration (cSub = 1 - cProd). We assume that the reduction of the aryl 

halide represents the rate-determining step.[46] Whether the light input or the SET itself is 

responsible for this has not yet been clarified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Kinetic data for the reaction of 4-bromophenylether under DND-H photocatalysis. Reaction condition: aryl 
halide (0.4 mmol), DIPEA (0.8 mmol), DND-H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 25°C, N2. a) Yields (black 
cubes) determined by GC-FID analysis against n-heptane as internal standard. Second order polygonal fit (blue) and 
tangent (red dashed) of the concentration-independent section (0 h to 5 h). b) Yields (black cubes) determined by GC-
FID analysis against n-heptane as internal standard. Linear fit (blue) of the concentration independent section (0 h to 
5 h) y = 6,9304 E-6x + 0,00471. c) Yields (black cubes) determined by GC-FID analysis against n-heptane as internal 
standard and second order polygonal fit (blue). Calculated (cSub = 1 - cProd) conversion of the arly halide (bordeaux 
cubes) and second order polygonal fit (red dashed). d) Calculated first derivation of the activity (1st order) of the 
calculated aryl halide conversion (bordeaux cubes) and the corresponding function (red). 

 

A light-initiated radical chain mechanism is not supported by light on-off experiments (Figure 3). 

If the reaction is stored in the dark for 2 h after an initial irradiation with 395 nm, the yield does 

not increase. Renewed irradiation leads to a yield almost identical to that of a sample constantly 

illuminated for 4 hours. This result confirms that the DND-H and neither an anionic side-product, 

nor a persistent radical, drives the reaction. 
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Figure 3. On-off experiment. Reaction condition: aryl halide (0.4 mmol), DIPEA (0.8 mmol), DND-H (3 mg), ACN (0.5 
mL), 395 nm LED (2 W), 25°C, N2. a) Yields (black cubes) determined by GC-FID analysis against n-heptane as 
internal standard. a) Yield obtained under constant irradiation with 395 nm for the given time. b) Yield obtained under 
irradiation (on-off-on) with 395 nm for 2 h each. 

 

Further insights, into the mechanism was gained by a deuteration experiment (Figure 4A), 

performed in ACN-d3. Under the chosen conditions only DIPEA or the DND-H itself can act as 

proton source, respectively hydrogen atom source. Involvement of the solvent would lead to 

formation of deuterated product. As the level of deuteration is in strong alignment with the natural 

abundance of deuterium, we can conclude, that ACN does not react under our conditions. To 

exclude the catalyst from being oxidized during a HAT or proton transfer, we employed acid-

terminated catalyst (DND-COOH). Being unable to undergo a HAT mechanism, the successful 

reduction of 1a means that either DIPEA donates a hydrogen atom after its oxidation, or the 

reaction proceeds via an ionic pathway.  

 

 

Figure 4. Mechanistic investigation: a) Deuteration experiment. Reaction condition: aryl halide (0.4 mmol), DIPEA 
(0.8 mmol), DND-H (3 mg), ACN-d3 (0.5 mL), 395 nm LED (2 W), 48 h, 25°C, N2. b) Model reaction under DND-
CO2H Photocatalysis. Reaction condition: aryl halide (0.4 mmol), DIPEA (0.8 mmol), DND-CO2H (3 mg), ACN (0.5 
mL), 395 nm LED (2 W), 48 h, 25°C, N2. c) Carbanion test reaction. Reaction condition: aryl halide (0.4 mmol), DIPEA 
(0.8 mmol), DND-H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 48 h, 25°C, N2. d) Radical trapping test reaction. 
Reaction condition: aryl halide (0.4 mmol), DIPEA (0.8 mmol), N-Methylpyrrol (2.0 mmol), (DND-H (3 mg), ACN (0.5 
mL), 395 nm LED (2 W), 48 h, 25°C, N2. aYields determined by GC-FID analysis against n-heptane as internal 
standard. b Product identification via GC-MS and HR-MS. 
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Even though to the best of our knowledge there is no literature report on the formation of 

phenylanions under such conditions, we excluded this option by employing an anion trapping 

reagent. According to Murphy,[47] radical species cannot be trapped by an ester functionality. 

Under our standard conditions, test compound 1ba did not undergo any intramolecular ring 

closure, disproving an anionic mechanism. This was additionally confirmed in presence of 

acetone (Figure S4)[48]. On the other hand, the successful capture via N-methylpyrrole 

(Figure 4D), thiophene (Figure S7) and an intramolecular system (Figure S5) are clear indicators 

of a phenyl radical intermediate. Aldehydes and Ketones (Figure S8 to S11) have shown to 

undergo pinacol coupling, esters and carboxylic acids (Figure S12, S13) are not reduced.  

As major by-product of the hydrodebromination reaction, diisopropylammonium bromide was 

crystalized from the DCM washing solution after catalyst recycling (Figure 5).  

 

 

Figure 5. Reaction and crystal structure of diisopropylammonium bromide. Reaction condition: aryl halide (0.4 mmol), 
DIPEA (0.8 mmol), DND-H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 48 h, 25°C, N2. Diisopropylammonium bromide 
was recrystallized from DCM.  

 

This supports our mechanistic proposal, depicted in Figure 6. Upon absorption of blue (395 nm) 

light, an electron is excited from the valence band (VB) into the conducting band (CB7 of the 

DND-catalyst. Single electron transfer (SET) reduces substrate A to a radical anion, which upon 

C-X cleavage generates a phenyl radical A•. The hole, generated in the VB oxidizes DIPEA to its 

radical cation. This species then serves as a hydrogen atom source for A• to complete the 

hydrodehalogenation to B. The DIPEA cation then undergoes further degradation processes to 

furnish diisopropylamin bromide. 
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Figure 6. Proposed reaction mechanism. 

 

Solvated electrons, known to be ejected from diamond semiconductors into aqueous media, can 

be excluded in ACN.[45] In water, DND-H gave no product as the hydrophobic catalyst aggregates 

at interfaces. The acid-terminated variant suspends better, so we expected a higher possibility for 

generation of solvated electrons (Table 2).  

 

Table 2. Effect of acid termination in aqueous media.a 

 
Entry Deviation from standard conditions Yield (%)b 

1 non 86 
2 H2O - 
3 ACN : H2O (1:1) - 
4 ACN : H2O (2:1) 55 
5 Sodium ascorbate - 
6 Sodium ascorbate, H2O - 
7 Sodium ascorbate, ACN : H2O (1:1) - 
8 Sodium ascorbate, ACN : H2O (2:1) - 

a Reaction condition: 1ab (0.4 mmol), DIPEA (0.8 mmol), DND-CO2H (2 mg), Solvent (0.5 mL), 395 nm LED (2 W), 25°C, 48 h, N2. 
b Yields were determined by NMR analysis against hexamethyldisiloxane (HMDSO) as internal standard. 

 

Substrate 1ab was chosen as the model compound, as both starting material and product are solids 

and water can easily be removed via lyophilization. In strong agreement with our results on DND-

H, the acid-terminated catalyst works best in ACN and does not facilitate the reaction in water or 

mixtures with high water content. The use of sodium ascorbate to repress a biphasic system had 

no positive effect on the reaction outcome. Under our standard conditions, a similar yield for 1ab 

was obtained as with the DND-H catalyst. However, a small set of more difficult substrates 

(Figure 7) proves that DND-H is significantly more efficient.  
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Figure 7. Substrate scope of the reductive hydrodehalogenation of aryl halides under DND-CO2H photocatalysis. 
Yields are given in respect of the hydrodehalogenation of the color-indicated bond. Reaction condition: aryl halide 
(0.4 mmol), DIPEA (0.8 mmol), DND-CO2H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 48 h, 25°C, N2.a Yields were 
determined by GC-FID analysis against n-heptane as internal standard. b Yields were determined by NMR analysis 
against HMDSO as internal standard. c DND-CO2H (2 mg) 

 

Finally, we investigated the reusability of the catalyst material. The heterogeneous photocatalyst 

can be separated from the mixture by centrifugation after the reaction.[49] Washed with organic 

solvents (DCM, acetone, PE) and dried at 60°C, the catalyst retains its reactivity for at least five 

cycles (Figure 8). The slightly higher yield at the beginning is due to the presumably higher 

catalyst loading. During the recycling process, quaternary ammonium salts (Figure 5), may adsorb 

on the surface, increasing the absolute mass, respectively decreasing the amount of active catalyst 

of the next batch. Therefore, the small increase in yield (run 3 to 5) is probably due to better 

results in washing the catalyst. IR and thermogravimetric analysis (TGA) to prove or disprove 

this theory are in process.  
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Figure 8. Box plot of the yields received for the hydrodehalogenation of 1n with new and recycled DND-H. Lower end 
of whisker: the smallest value of the data set; upper end of whisker: the highest value of the data set; median (line 
inside the box): the smallest 50% of the data values are smaller than or equal to this characteristic value; beginning 
of the box: the smallest 25% of the data values are smaller than or equal to this characteristic value; end of the box: 
The smallest 75% of the data values are smaller than or equal to this characteristic value. Reaction condition: aryl 
halide (0.4 mmol), DIPEA (0.8 mmol), DND-H (3 mg), ACN (0.5 mL), 395 nm LED (2 W), 48 h, 25°C, N2. Yields were 
determined by GC-FID analysis against n-heptane as an internal standard. 
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 Conclusion 

Considering its reusability, availability and low cost, diamond-based semiconductors can find 

applications in heterogeneous photoredox catalysis. The demonstration of more than 50 

successful dehalogenations under very mild, visible light conditions demonstrates the potential of 

diamond nanomaterial in photocatalysis. With an estimated redox potential of about 3 V (vs. 

SCE), it is a non-toxic, metal-free alternative to existing homogeneous and heterogeneous 

photocatalysts. The possibility of surface modification allows for fine-tuned heterogeneous 

materials. Deposition on an electron surface may further extend its applicability to 

photoelectrocatalysis[50]. 
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 Experimental Part 

 General Remarks 

 

All reactions were carried out with dry solvents unless otherwise stated. Dry nitrogen was used 

as inert gas atmosphere. All solvents and required chemicals were purchased from commercial 

suppliers (Acros, Alfa Aesar, Fluka, Fluorochem, Merck, Sigma Aldrich, TCI) as reagent grade 

or at the highest commercial quality and were used directly without further purification unless 

stated otherwise. Thin-layer chromatography (TLC) was performed on silica gel coated alumina 

plates (MN TLC sheets ALUGRAM®Xtra SIL G/UV254). Visualization was accomplished with 

UV light (254 nm or 366 nm) sources. Photocatalytic reactions were performed using a water-

cooled photoreactor equipped with violet LEDs (OSRAM® LED Engine LZ4-40UB00-00U5, 

λ=395 nm ± 15 nm, 2W optical power), unless stated otherwise. The optical power of LEDs was 

determined using a FieldMaxII-TOTM laser power meter equipped with PM3 sensor GC–MS 

measurements were performed on a 7890A GC system from Agilent Technologies with an 

Agilent 5975 MSD Detector. Data acquisition and evaluation was done with MSD Chem Station 

E.02.02.1431. GC measurements were performed on a GC 9000 from Agilent Technologies. Data 

acquisition and evaluation was done with OpenLAB CDS ChemStation from Agilent (version 

2.2). A capillary column Agilent 19091S‐433UI‐INT (US20300220) and hydrogen as carrier gas 

(flow rate of 1.4 mL/min) were used. The injector temperature (split injection: 30:1 split) was 

280°C, detection temperature 300°C (FID). GC measurements were made and investigated via 

integration of the signal obtained. The GC oven temperature program was adjusted as follows: 

initial temperature of 40°C was kept for 3 minutes, the temperature was increased at a rate of 

25°C/min until 280°C was reached and kept for 5 minutes, the temperature was again increased 

at a rate of 42°C/min until the final temperature (300°C) was reached and kept for 5 minutes. All 

NMR spectra were recorded at room temperature using a Bruker Avance 300 (300 MHz for 1H, 

75 MHz for 13C, 282 MHz for 19F), Bruker Avance 400 (400 MHz for 1H, 101 MHz for13C, 376 

MHz for 19F) or Bruker Avance 600 (600 MHz for 1H, 151 MHz for 13C, 565 MHz for 19F)NMR 

spectrometer in CDCl3, D2O and DMSO-d6 solutions with internal solvent signals (for 1H and 
13C) as reference (7.26, 77.2 for CDCl3, 2.50, 4.8, NA for D2O and 39.5 for DMSO-d6). All 

chemical shifts are reported in δ-scale as parts per million [ppm] (multiplicity, coupling constant 

J, number of protons) relative to the solvent residual peaks as the internal standard. Coupling 

constants J are given in Hertz [Hz]. Abbreviations used for signal multiplicity: 1H NMR: b = 

broad, s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, dd = doublet of doublets, dt = 

doublet of triplets, dq = doublet of quartets and m = multiplet. High-resolution mass spectra 

(HRMS) were obtained from the central analytic mass spectrometry facilities of the Faculty of 

Chemistry and Pharmacy, University of Regensburg. All mass spectra were recorded on a 
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Finnigan MAT 95, Thermo Quest Finnigan TSQ 7000, Finnigan MATSSQ 710 A or an Agilent 

Q‐TOF 6540 UHD instrument. The glass vial with reaction mixture and LED cooling block were 

thermostatic at 25 °C.  

 

 Synthesis and Description of DND Material 

 

This data has not been provided by our collaboration partner so far. We will include detailed 

information, as soon as we receive any. 

 

 Description of Synthetic Procedures 

 

General procedure A 

A 5 mL crimp cap vial equipped with a magnetic stirring bar was charged with DND-H 

photocatalyst (3 mg) (Lot. No. 700110), solid arly halide (0.4 mmol) and anhydrous ACN 

(0.5 ml). The vial was sealed, evacuated, and backfilled with N2 three times before adding 

DIPEA (136µL, 800 µmol, 2.0 equiv.) and liquid aryl halide (0.4 mmol) to the reaction 

vial. Subsequently, the reaction mixture was introduced to a nitrogen atmosphere via 

vacuum (500 mbar) nitrogen backfill cycles (×3). For volatile components "freeze-pump-

thaw" cycles (×3 approx. 7 mbar) are necessary. The reaction mixture was irradiated with 

2 W 395 (± 15) nm LEDs through the plane bottom side of the crimp cap vial (Figure S1) 

for 16 h to 48 h and stirred intensely 

 

General procedure B 

For GC-FID Analysis heptane (60 µL, 400 µmol) was added as internal standard. Then 

chloroform (0.5 mL) was added and the mixture was transferred into a 1.5 mL Eppendorf 

Tube® and centrifuged (2000 rpm) for 2 min. The top layer solution was filtered with a 

CHROMAFIL® 0-20/15 MS disposable syringe filter (pore size 20 µm) and submitted to 

GC-FID analysis (Figure S1). Yields were calculated according to the product calibration 

(Figure S13 A-D) 

 

General procedure C 

For NMR-Analysis hexamethyldisiloxane (42.5 µL, 200 µmol) was added as internal 

standard. Then Chloroform-d (0.5 mL) was added and the mixture was transferred into a 
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1.5 mL Eppendorf Tube® and centrifuged (2000 rpm) for 2 min. Then top layer solution 

was submitted to NMR analysis (Figure S1). The yields were calculated according to the 

integrals in the 1H-spectrum. 

 

Image guide  

 

Figure S 1. Image guide of the sample preparation for product analysis via procedures B and C. 

 

 Optimization and Control Reactions 

 

All optimizations were performed under general procedure A for 16 h and analyzed with procedure B. 

 

Table S 1. Optimization of catalyst loading 

 

 

Table S 2. Optimization of irradiation wavelength 

 

 

Table S 3. Optimization of sacrificial electron donor (SED).  

Entry Catalyst loading mDND (mg) Yield (%) 

1 - - 
2 1 18 
3 2 24 
4 3 30 
5 5 20 

Entry λ (nm) Yield (%) 

1 dark - 
2 395 30 
3 455 - 
4 528 - 

Entry Sacrificial electron donor Yield (%) 

1 - - 
2 DIPEA (2.0 equiv) 30 
3 DIPEA (2.0 equiv) for 48 h 50 
4 DIPEA (2.5 equiv.) 31 
5 DIPEA (1.0 equiv) 22 
6 NEt3 (2.0 equiv.) 14 
7 Pyrrolidine (2.0 equiv.) 13 
8 Na2SO3 - 
9 Sodium ascorbate - 

10 Cs2CO3 4 
11 DABCO 2 
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Table S 4. Optimization of Solvent. 

 

 

Table S 5. Control reactions at oxygen. 

 

 

Table S 6. Optimization of reaction temperature. 

 

 

Table S 7. Control reactions of particle scattering effect. 

 

 

 

 

  

Entry Solvent Yield (%) 

1 ACN 30 
2 THF 5 
3 DMSO 14 
4 DMA 20 
5 MeOH 2 
6 HFIP - 
7 Water 1 
8 Acetone 12 
9 DCM 2 

10 Chloroform 17 
11 EA 0 

Entry Atmosphere Yield (%) 

1 N2 30 
2 Air 20 
3 O2 12 

Entry T (°C) Yield (%) 

1 0 24 
2 25 30 
3 50 35 

Entry Particle material Yield (%) 

1 DND-H 30 
2 Silica (3 mg): 60 M (40-63 μm, mesh)  - 
3 Molecular sieves (3 mg, grinded) : 4 Å 1 
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 Mass Spectroscopic Analysis  

 Deuteration Experiment 
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Figure S 2. Deuteration experiment: GC-MS trace and HRMS. 
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 Carbanion Trapping 
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Figure S 3. Intramolecular carbanion trapping: GC-MS trace and HRMS. 
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Figure S 4. Intermolecular carbanion trapping: GC-MS trace and HRMS. 
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 Radical Trapping 
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Figure S 5. Intramolecular radical trapping: GC-MS trace and HRMS. 
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Figure S 6. Intermolecular radical trapping with N-mehtylpyrrole: GC-MS trace and HRMS. 
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Figure S 7. Intermolecular radical trapping with thiophene: GC-MS trace and HRMS. 
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 Pinacol Coupling 
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Figure S 8. Pinacol coupling of benzaldehyde: GC-MS trace and HRMS. 
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Figure S 9. Pinacol coupling of acetophenone: GC-MS trace and HRMS.  
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Figure S 10. Pinacol coupling of 4-bromobenzaldehyde: GC-MS trace and HRMS. 
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Figure S 11. Pinacol coupling of 4-bromoacetophenone: GC-MS trace and HRMS. 
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 Unreactive Substrates 
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Figure S 12 Reduction of esters: GC-MS trace and HRMS. 
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Figure S 13. Reduction of benzoic acid: GC-MS trace and HRMS. 
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 Catalyst Recycling  

 

General procedure D 

For DND-H recycling we used 4-bromophenylether 1n under standard reaction conditions 

(procedure A). The yield was determined according to procedure B, then the individual 

batches of catalyst (Table S8) were suspended in DCM, combined and transferred into one 

1.5 mL Eppendorf Tube®. Centrifuged (2000 rpm) for 1 min the organic top layer was decanted. 

This procedure was repeated with PE, DCM and Acetone several times, till the top layer appeared 

colorless and the catalyst gray. Then, the open Eppendorf Tube® was placed in an oven (60°C) 

for 24 h. Before reuse, the dried catalyst was grinded with a spoon and a sample of recycled DND-

H was taken for analytics.  

 

Table S 8. Individual yields of recycled DND-H catalyst.  

 
Entrya Yield1 (%) Yield2 (%) Yield3 (%) Yield4 (%) Yield5 (%) 

1 66 57 45 56 64 
2 72 54 45 50 55 
3 70 56 49 59 60 
4 70 56 52 53 58 
5 65 57 53 50  
6 67 47 56 59  
7 66 52 56   
8 63 49 57   
9 64 55    
10 70 49    
11 67     
12 65     

a The number of reactions decreases because of sampling catalyst for surface analysis 
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 Substrate Synthesis 

 

Ethyl 2-(2-bromophenoxy)-2-methylpropanoate (1aq):[1] In a 50 mL Schlenk flask, a mixture 

of 2-bromophenol (650 µL, 5.0 mmol, 1 equiv.), ethyl 2-bromoisobutyrate (595 µL, 5.0 mmol, 

1.0 equiv.) and K2CO3 (691 mg, 5 mmol, 1.0 equiv.) in dry ACN (10 mL) was refluxed for 18 h 

under nitrogen atmosphere. The mixture was cooled to room temperature and filtered, then 

washed with brine and dried over anhydrous Na2SO4. The solvent was removed under reduced 

pressure and the crude was purified by flash column chromatography with PE/EA (95:5) to afford 

a colorless oil: 66% yield. 1H NMR (400 MHz, CDCl3) δH [ppm] = 7.54 (dd, J = 7.8, 1.6 Hz, 

1H), 7.16 (td, J = 8.0, 1.6 Hz, 1H), 6.90 – 6.84 (m, 2H), 4.25 (q, J = 7.1 Hz, 2H), 1.62 (s, 6H), 

1.26 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δC [ppm] = 174.20, 152.73, 133.64, 128.05, 

123.65, 119.52, 116.32, 80.94, 61.66, 25.32, 25.32, 14.21. HRMS (ESI+) m/z calcd. for 

C12H16BrO3+ [M+H]+ = 287.0277, found 287.0277.  

 

2-(4-chlorophenoxy)benzoic acid (1p):[2] In a 100 mL Schlenk flask, a mixture of 4-

chlorophenol (590 µL, 6.0 mmol, 1.2 equiv.), 2-fluorobenzonitrile (543 µL, 5.0 mmol, 1.0 equiv.) 

and K2CO3 (2.1 g, 15 mmol, 3 equiv.) in dry DMF (25 mL) was stirred under nitrogen atmosphere 

at 100°C for 10 h. The mixture was cooled to room temperature filtered and washed with ethyl 

acetate. Water (10 mL) was added to the solution and the organic phase was separated. Then, the 

aqueous phase was extracted with ethyl acetate (3x 20 mL) and the combined organic phase was 

washed with NaOH (5%) and brine. Dried over anhydrous Na2SO4, the solvent was removed 

under reduced pressure. Without further purification, the crude was submitted to a mixture of 

NaOH (1.5 g, 37.5 mmol, 7.5 equiv.) in water/ethanol (1:1, 0.2 M) and stirred under reflux for 16 

h. The mixture was cooled to room temperature, water (20 mL) was added and the mixture was 

extracted with ethyl acetate (20 mL). The aqueous solution was acidified with 1 N HCl and 

extracted with ethyl acetate (3x 20mL). Then, the combined organic phase was washed with brine 

and dried over anhydrous Na2SO4. Solvent was removed under reduced pressure and the crude 

was purified by flash column chromatography (PE/EA) to afford a white solid: 85% yield. 1H 

NMR (400 MHz, CDCl3) δH [ppm] = 11.10 (s, 1H), 8.13 (dd, J = 7.9, 1.7 Hz, 1H), 7.51 (td, J = 

8.4, 1.8 Hz, 1H), 7.34 (d, J = 8.9 Hz, 2H), 7.23 (td, J = 7.9, 0.9 Hz, 1H), 6.99 (d, J = 8.9 Hz, 2H), 

6.90 (d, J = 8.3 Hz, 1H). 13C NMR (101 MHz, CDCl3) δC [ppm] =168.15, 156.98, 154.62, 135.00, 

133.44, 130.22, 129.84, 124.13, 120.77, 119.27. HRMS (EI+) m/z calcd. for C13H9O3Cl+ [M]+ 

= 248.02347, found 248.02403; MP: 130-132°C 
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 GC-FID Calibration 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S 14. GC-FID calibration curves of (top left) tertbutylbenzene, (top right) benzotrifluoride, (center left) 
ethylbenzene, (center right) diphenylether, (bottom left) benzene, with heptane as internal standard.  
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 X-Ray Crystallography 

 

Compound    V108_Wdh  

Formula    C6H16BrN  

Dcalc./ g cm-3    1.381  

µ/mm-1    5.719  

Formula Weight   182.104  

Color    clear colorless  

Shape    prism-shaped  

Size/mm3    0.08×0.07×0.06  

T/K     123.00(10)  

Crystal System   monoclinic  

Flack Parameter   0.004(16)  

Hooft Parameter   0.004(16)  

Space Group    P21  

a/Å     7.7655(1)  

b/Å     8.0280(1)  

c/Å     7.8409(1)  

α/°     90  

β/°     116.385(2)  

γ/°     90  

V/Å3     437.892(12)  

Z     2  

Z'     1  

Wavelength/Å    1.54184  

Radiation type    Cu Kα  

min/°    6.30  

max/°    75.23  

Measured Refl's.   8988  

Indep't Refl's    1794  

Refl's I≥2 (I)    1726  

Rint     0.0517  

Parameters    78  

Restraints    4  

Largest Peak    0.9627  

Deepest Hole    -0.3355  

GooF    1.0257  

wR2 (all data)    0.0834  

wR2     0.0829  

R1 (all data)    0.0327  

R1     0.0320  

 



  CHAPTER 5 

271 
 

 

Figure S 15. Solid-state molecular structure of C6H16BrN. Thermal ellipsoids are set at the 50% probability level. C 
atoms are shown in grey, H atoms in white, N atoms in blue and Br atoms in red. 
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 GC-FID Spectra  

 

2a 

 

 

2b 

 

 

2c 

 

 

 

 

 

 

 

 



  CHAPTER 5 

273 
 

2n 

 

 

2o 

 

 

2s 

 

 

2at 

 

Br

O



  CHAPTER 5 

274 
 

2au 

 

 

2av 

 

 

2aw 

 

 

 

 

 

 

 

 

 

Cl

BrCl



  CHAPTER 5 

275 
 

2ax 

 

 

2az 

 

 

 

 

 

 

 

 

 

  

Br

Br



  CHAPTER 5 

276 
 

 NMR Spectra of Isolated Compounds 

 

2-(4-chlorophenoxy)benzoic acid (1p):  

1H NMR (400 MHz, CDCl3) 

 

13C NMR (101 MHz, CDCl3) 

 

1.
00

1.
97

0.
98

1.
95

1.
00

1.
00

1.
01

6.
89

6.
91

6.
98

7.
00

7.
21

7.
22

7.
23

7.
23

7.
25

7.
25

7.
33

7.
35

7.
49

7.
49

7.
51

7.
51

7.
53

7.
53

8.
12

8.
13

8.
14

8.
14

11
.1
0

11
9.
27

12
0.
77

12
4.
13

12
9.
84

13
0.
22

13
3.
44

13
5.
00

15
4.
62

15
6.
98

16
8.
15



  CHAPTER 5 

277 
 

ethyl 2-(2-bromophenoxy)-2-methylpropanoate (1aq): 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (101 MHz, CDCl3) 
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 NMR Spectra of Crude Mixtures 
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In the previous chapters, we have presented various synthetically useful tools ranging from SOE 

and e-PRC to conPET systems. The last chapter now deals with the combination of nickel and 

photoredox catalysis. Unlike before, we neither use completely new catalysts for this purpose, 

nor do we aim for extreme redox potentials, but rather we want to highlight the importance of 

photoredox catalysis for organic synthesis. Through this example, we intend to illustrate the 

possibilities that arise from the development of new catalytic systems and how they can be used 

for the synthesis of relevant molecules. 
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 Abstract 

Cross–coupling reactions are among the most important transformations in modern organic 

synthesis[1-3]. Although the range of reported (het)arenes and nucleophile coupling partners are 

very large considering various protocols, the reaction conditions vary considerably between 

compound classes, necessitating renewed case-by-case optimization of reaction conditions[4]. 

Here we introduce adaptive dynamic homogeneous catalysis (AD-HoC) with nickel and visible-

light-driven redox processes for general C(sp2)–(het)atom coupling reactions. The self-adjustive 

nature of the catalytic system allowed the simple classification of dozens of various classes of 

nucleophiles in cross–coupling reactions. This is synthetically demonstrated in nine different 

bond–forming reactions (i.e., C(sp2)–S, Se, N, P, B, O, C (sp3, sp2, sp), Si, Cl) with hundreds of 

synthetic examples under very predictable reaction conditions. The catalytic reaction center(s) 

and conditions differ from one another by the added nucleophile, or if required, a commercially 

inexpensive amine base. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 CHAPTER 6 

301 
 

 Introduction 

Transition metal-mediated C(sp2)–(het)atom coupling reactions are among the most explored 

organic transformations enabling both efficient constructions of molecules and accessing 

molecular complexity for applications across many disciplines[1-3]. Over the last five decades, a 

vast amount of literature evolved around palladium[1,2], copper[3], nickel[5], and other metals[6,7]. 

Despite significant achievements made in method developments, including the recent 

advancement of combining transition metals with photochemistry[8,9], a large variety of required 

ligands, pre-catalysts, bases, additives, reaction conditions, electronics and/or structural 

diversities of coupling partners still pose challenges in selecting the right parameters for reaction 

efficiency and yield[4,10,11]. Commercial sets of test-ligands and pre-catalysts, the advancement of 

rapid high-throughput screening methods[12] evaluating hundreds of additives for reaction 

outcome, and the recent development of machine learning predictions[13] facilitate the search for 

suitable conditions for specific coupling reactions but are associated with additional costs. 

Instead of following the common notion of the use of pre-catalyst, ligands’ design, base/additive 

screening, and other conditions noted above for case-by-case cross–coupling reactions, we report 

here adaptive dynamic homogeneous catalysis (AD-HoC) with nickel under visible-light-driven 

redox conditions for general C(sp2)–(het)atom coupling reactions. The adaptive part of AD-HoC 

with nickel relies on the formation of dynamic assembly of various nickel complexes, one or more 

species of which under photoredox reaction conditions meet the necessary electronic and 

coordination (geometry) requirements at the metal center to undergo the elementary catalytic 

steps (i.e., oxidative addition and reductive elimination) and yield the desired cross–coupled 

product. Keeping the electrophile, photocatalyst, and nickel constant, the conditions differ from 

one reaction to another by just the added nucleophile, or, if required, a commercially available 

inexpensive amine base. The self-adjustive nature makes the catalytic system universal, resulting 

in successful cross–coupling reactions with a range of electrophile/nucleophile combinations. In 

addition, general prediction of the reaction conditions could be delineated with the simple 

evaluation of only necessary and sufficient parameters (i.e., no or amine additive as a variable 

component). Figure 1 summarizes the general classification of commonly used nucleophiles and 

working strategies for coupling reactions using AD-HoC with nickel under photoredox reaction 

conditions. 
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 Results and Discussion 

A general trend between the different groups of nucleophiles was observed (Figure 1). Group I 

and group II (II’) nucleophiles both coordinated with Ni(II). When the nucleophiles’ presence and 

coordination result in catalytically competent nickel complexes for the necessary elementary 

catalytic steps, we classify them as group I. These nucleophiles coordinate to Ni(II), both without 

and with deprotonation forging in cases even polymeric nickel species (e.g., thiols, see SI). Group 

II nucleophiles showed a predominant tendency to coordinate with nickel without deprotonation. 

The cross–coupling reaction was efficient in the presence of a bicyclic tertiary amine as an 

additive. The presence of the latter allows the formation of catalytic species capable to undergo 

the elementary reaction steps and, moreover, neutralize the generated HBr or HCl (depending on 

the halide coupling partner). Relatively weak nucleophiles representing groups III and IV either 

did not coordinate to Ni(II) or showed coordination tendency only when deprotonated. The 

successful cross–coupling reactions as such rely on the presence of cyclohexylamine or TMG as 

additives, respectively in forming catalytically competent nickel complexes.  

Bond forming reactions: C(sp2)–S, Se, N, P, B, O, C (sp3)/ C (sp2)/ C (sp), Si, Cl
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Figure 1. General classification of commonly used nucleophiles (according to the required additive) for cross–coupling 
reactions with Adaptive Dynamic Homogeneous Catalysis using nickel under visible-light-redox reaction conditions. 
The color of the circles reflects (het) atoms involved in the bond formation. 
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The presence of cyclohexylamine likely facilitates the oxidative addition of electrophiles and its 

relatively slow rate of reductive elimination allows reductive elimination for group II nucleophiles 

giving the desired product (see the discussion below). For very weak nucleophiles representing 

group IV, a more potent base, TMG, was effective as cyclohexylamine started competing in the 

reductive elimination step. We assume that due to very poor nucleophilicity, these nucleophiles 

alone suffer to coordinate with nickel even in the +III oxidation state. Similarly, to 

cyclohexylamine, TMG most likely has multiple roles. The increased basicity allows the required 

deprotonation of the nucleophile. Moreover, it is most likely involved as a ligand to render nickel 

more efficient in the elementary reaction steps. 

We began our synthetic investigations with cyclohexanethiol representing group I in C(sp2)–S 

cross–coupling reactions (Figure 2). Upon addition to a dimethylacetamide (DMA) solution 

containing NiBr2•glyme – a bench–stable commercial nickel source – and ethyl 4-bromobenzoate 

as a model substrate, an immediate color change was observed. The desired C(sp2)–S cross–

coupling product P9 was obtained in an excellent 92% isolated yield within one hour upon 

irradiation of the reaction mixture in the presence of 0.2 mol% 4CzIPN as an organic 

photocatalyst.[14-17] Noteworthy, the simplicity of the reaction conditions goes against the general 

norm in reported traditional cross–coupling reactions since the coupling reaction is devoid of any 

base, conventional ligands, or other additives. Moreover, the use of 1.0 equiv. commercial 47% 

(m/m) HBr/H2O solution allows the acceleration of the coupling reaction of 4-bromoaniline with 

different thiols (for example, P2, P146) in excellent isolated yields that were otherwise difficult to 

achieve. Several primary (P1–P8, including practical –SH surrogates[18], P145–P159), secondary (P9–

P12), and tertiary thiols (P13–P15), benzyl mercaptan (P16–P18), and thiophenol (P19–P25) were also 

no exception in giving the desired products in good to almost quantitative isolated yields. The 

simplicity of group I nucleophiles remained effective for a range of other bond-forming reactions 

(–P, –Se, –N) with different nucleophiles (e.g., selenophenol (P135), diphenylphosphine or 

diphenylphosphine oxide (P115–P117), N-boc-guanidine (P27), among others) due to their facile 

coordination with Ni(II) species. However, the secondary amines[19] required their presence in 

excess (see SI) to suppress the formation of the respective de-halogenated products – a process 

that can be tackled by replacing excess amines with a non-reactive bicyclic tertiary amine 

DABCO as an additive (see SI for further details). 

Group II nucleophiles also showed a predominant tendency to coordinate with nickel. We tested 

benzophenone imine as a candidate because it can serve as a convenient ammonia equivalent in 

(het)arene functionalizations.[20] Benzophenone imine coordinates to Ni(II) species, but 

irradiation of the reaction mixture leads only to slow conversion of the aryl halide to the respective 

product. 
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Figure 2. The nucleophiles’ scope in C(sp2)–Br cross–coupling reactions. For more nucleophiles and electrophile scopes, see SI. Isolated yields are reported unless otherwise noted. For 
compounds P26 and P134 the formation of the desired product in synthetically useful yield was confirmed by GC/GC–MS analysis (see SI). The formation of the desired product P132 was confirmed 
by GC/GC–MS analysis. 
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The addition of DABCO accelerated the reaction significantly giving the desired product in good 

to excellent yield (P56–P58). Similarly, sulfoximines (P59–P63), benzamidine (P55), and a range of 

heterocycles such as pyrazole (P64–P66), imidazole (P69–P70), and dialkylphosphine (P110–P112) 

showed analogous reactivity pattern in giving the desired product in excellent yields. 

Remarkably, the AD-HoC with nickel under visible-light-redox conditions was highly effective 

with a range of anions (they are capable of coordination with effective replacement of the bromide 

anions in nickel complexes, Group II’[21], (see SI for further details)) allowing even effective 

transformation of inexpensive commercial bulk chemicals into valuable functional groups (Figure 

2 and 3). The applications include the use of aryl and alkyl sulfinates for the synthesis of 

respective sulfones (P137–P142) and LiCl (in combination with aryl bromides/iodides) in halogen 

exchange reactions (P143–P144). Effective in situ conversion of simple anions into valuable 

functional groups (Figure 3) was implemented with sodium cyanate (in the presence of various 

alcohols, P160–P171) or sodium azide (P172–P177) when used as nucleophiles. While the use of 

OCN– allowed the synthesis of protected anilines as carbamates – a common motif in an array of 

biologically active compounds[22], the use of sodium azide allowed the installation of a free –NH2 

group onto (het)arenes in good to excellent yields. 

Synthetic examples using groups III and IV exemplify relatively weak nucleophiles. The use of 

cyclohexylamine and a guanidine base (in this case, 1,1,3,3-tetramethylguanidine (TMG)), 

respectively, allows the formation of catalytically competent nickel complexes. Electron-poor 

anilines and p-toluenesulfonamide were selected due to their poor coordination ability with 

Ni(II).[23] The coupling reactions without any additive or with DABCO allowed only limited 

product yield with the relatively slow conversion of the (het)aryl halides. The addition of 

cyclohexylamine allowed the formation of the desired products in good to excellent yields.[24] The 

use of TMG, a commercially available inexpensive guanidine base, became important for very 

weak nucleophiles (group IV) as cyclohexylamine started competing in the coupling reaction due 

also to its inherent reactivity.[25] The use of TMG allowed a range of alkyl amides (P91–P94), 

benzamide (P95–P96), as well as four- to seven-membered cyclic amides (P97–P104), nitrogen 

(het)cycles such as indole (P105–P107) and benzimidazole (P108–P109), electron-poor phenols (P127) 

to couple with (het)aryl halides giving the desired products in good to excellent yields. Additional 

examples include the use of aryl hydrazines in Suzuki-type synthesis of bi-(het)aryls (P178–P184). 

The coupling reactions can be executed with low amounts of catalyst loading (as reported here, 

with 4CzIPN and NiBr2•glyme as low as 0.02 mol% and 1.0 mol% respectively), even with 

relatively inexpensive nickel salts (for example, NiCl2•6H2O), and in multi-gram synthetic 

transformation without significant impact on the reaction kinetics and yields of the desired 

product (see SI for further details). The use of cyclohexylamine additionally allowed a precipitate-

free protocol, which is preferred in particular if the transformation is performed under flow 

conditions.[26]
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Figure 3. Installation of valuable functional groups onto (het)arenes using either simple nucleophiles or anions as practical surrogates. Isolated yields are reported. For compounds, P175 and 
P176 the formation of the desired product in synthetically useful yield was confirmed by GC/GC–MS analysis with an authentic sample.
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Although relatively complex, a likely mechanism for the reported adaptive dynamic 

homogeneous catalysis with nickel involves a catalytic Ni(I)/Ni(III)[27] cycle (see SI for more 

details), which may in part be self–sustained.[28] A range of nucleophiles coordinate to 

NiBr2•glyme in its air-stable +II oxidation state: either in the absence or in the presence of an 

added amine base, a dynamic equilibrium between differently coordinated species was observed 

(see SI for the UV and mass-spectrometric analyses). The dynamic nature of the assembly 

produces one or more species that are catalytically competent under the photoredox reaction 

conditions to undergo effective oxidative addition and reductive elimination. Mass spectrometric 

experiments revealed that thiols, representing group I nucleophiles, are able to coordinate and 

stabilize nickel complexes even in unstable oxidation states (i.e., I and III), and the corresponding 

species can be detected by mass spectrometric methods (see SI for mass spectrometric analyses 

of nickel – nucleophile/additive mixtures). Thus, successful cross–coupling reactions can be 

implemented without any conventional ligand, base, or additives. For instance, methyl 3-

mercaptopropionate complexed with Ni(II) species, and the formation of nickel polythiolate 

complexes containing Ni(I) and Ni(III) ions was observed. The second-order mass spectra 

confirmed the formation of polynuclear complexes containing Ni(I) species. Group II represents 

nucleophiles that coordinated to nickel without deprotonation and the addition of a tertiary amine 

DABCO allowed successful cross–coupling transformation. Their coordination ability facilitated 

the ligand exchange process and hence the successful reaction outcome. Group III/IV 

nucleophiles showed either very weak or no coordination to Ni(II) at all and exhibited the ability 

to coordinate only as a deprotonated anion. The successful cross–coupling reactions required 

cyclohexylamine or a more potent guanidine base (TMG, for Group IV) allowing the weak 

nucleophiles to interact with nickel effectively either in its +II-oxidation state (for visible effects 

in the absence and presence of TMG with methyl 4-aminobenzoate, p-toluenesulfonamide, indole, 

benzamide as nucleophiles see or at the ligand exchange step when nickel is present in its +III 

oxidation state. We postulate, that under the photoredox catalyst reaction condition, Ni(II) species 

are reduced to Ni(I) complexes which allow oxidative addition of (het)aryl halides to form Ni(III) 

species. Subsequent reductive elimination yields the respective cross–coupling product. 

The AD-HoC with nickel and visible-light-driven redox processes proved to be highly efficient 

for the functionalization of complex bio-relevant molecules (P185–P230) or in the synthesis of 

(het)arenes (P269–P271), drugs (P172, P190, P206), and valuable drugs intermediates (P231–P261), 

covering numerous functional groups in FDA-approved drugs. The applications include 

(het)arylation of amino acids, nucleosides, and drugs at their respective S–, N–, or O–atoms (P185–

P206). Noteworthy are the synthetic results for selective C(sp2)–(het)atom cross–coupling 

reactions in the presence of other functional groups (c.f., the C(sp2)–S arylation of glutathione 

(P186) in the presence of free carboxylic and –NH2 groups, and C(sp2)–N arylation of tryptamine 

(P192), tyramine (P193), and adenosine (P199) in the presence of free indole, phenol, and free –OH 
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groups, respectively). Many five- and six-membered (het)aryl halides (–I, –Br, –Cl), triflates, and 

vinyl bromides were effective, including the C(sp2)–N coupling reactions of (het)aryl–iodides and 

–chlorides with 3-phenyl-1H-pyrazole and (het)aryl–bromides in one–pot carbamate synthesis 

offering a different selectivity from recent photocatalysis[29] and traditional Pd-catalyzed 

protocols[30] (see SI). The reactions with (het)aryl bromides and chlorides allowed late–stage 

functionalization of C(sp2)–Br/Cl bonds in drugs requiring only slightly elevated temperature for 

challenging chloride substrates as exemplified with NaOCN, aniline, carbazole, benzimidazole, 

ethyl 3-mercaptopropionate, and diphenylphosphine oxide as nucleophiles (P207–P230) in three-

different (–N, –S, and –P) bond forming reactions. 

The simplicity, versatility, and predictability of AD-HoC with nickel and visible-light-driven 

redox processes became more apparent when we turned our attention toward bi-functionalization 

reactions forging either one or two different chemical bonds for rapid construction of molecular 

complexity. The bi-functionalization reactions can be easily executed either on di-halo (het)arenes 

installing two different functional groups (P262–P269) or in molecules possessing both C(sp2)–Br 

bond and a nucleophile (P272–P276). Noteworthy is the "simple reversal" of the functionalization 

sequence (c.f., P274 and P275) with the adjustment of the acidic or basic conditions using a 

commercial 47% (m/m) HBr/H2O solution and cyclohexylamine
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Figure 4. Functionalization of bio-relevant molecules either as nucleophiles or electrophiles, synthesis of drugs, drug intermediates, and examples for two-step – either in tandem or one-pot – 
synthetic transformations. Isolated yields are reported. For compound P270 the formation of the desired product was confirmed by GC and GC–MS analysis with an authentic sample, and no 
attempts were made for the purification of the desired product. The synthesis of P277 can directly be performed with 4CzIPN[31.]
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 Conclusion 

The adaptive dynamic homogeneous catalysis (Ad-HoC) with nickel and visible-light-driven 

redox processes relies on the formation of a dynamic assembly of catalytic species providing a 

simple platform for general cross–coupling reactions under very predictable reaction conditions. 

The ease of operation and effectiveness in solving numerous synthetic tasks are demonstrated in 

nine different bond-forming reactions (i.e., C(sp2)– S, Se, N, P, B, O, C (sp3, sp2, sp), Si, Cl) 

covering various classes of nucleophiles and electrophiles. The reported simple, yet predictable, 

C(sp2)–X cross–coupling reaction conditions not only simplify the current approach of reaction 

condition screening for a specific cross–coupling transformation but also provide a general 

platform for artificial intelligence and machine learning processes. For the latter, one may 

consider, one reduced parameter is beneficial, and a generalization is pragmatic. We anticipate 

that applying the AD-HoC principle to other transition metal-mediated catalytic systems will 

accelerate the prediction of reaction conditions for different reactivity patterns.  
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 Experimental Part 

The following experimental part contains only the necessary information for the synthesis, 

isolation and characterization of the substances: P3, P6, P12, P13, P21, P24, P28, P35, P51, 

P57, P58, P63, P99, P106, P140, P150, P161, P162, P163, P167, P189, P196, P199, P201, 

P202, P205, P215, P220, P221, P228, P240, P250, P262 and P267.  

 

For a detailed experimental part see: I. Ghosh, N. Shlapakov, T. A. Karl, J. Düker, M. Nikitin, J. V. 

Burykina, V. P. Ananikov and B. König Nature 2023. (accepted article) 

 

 General Remarks 

 

All reactions were carried out with dry solvents unless otherwise stated. The solvents (in this case, 

N,N-dimethylacetamide (DMA), N,N-dimethylformamide (DMF), acetonitrile (ACN), dimethyl 

sulfoxide (DMSO)) were dried with activated 3/4 Å molecular sieves following a reported 

procedure.[1] Reagents were purchased at the highest commercial quality and used without further 

purification unless otherwise stated. The starting materials, whenever necessary, were synthesized 

according to the literature procedures. 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

(4CzIPN) was synthesized according to a reported protocol.[2] Other photocatalysts (in this case, 

perylene) were commercially available and used without further purification. The nickel salts, 

nickel(II) bromide ethylene glycol dimethyl ether complex (NiBr2•glyme), nickel(II)-bromide 

trihydrate (NiBr2•3H2O), nickel(II) chloride ethylene glycol dimethyl ether complex 

(NiCl2•glyme), nickel(II) chloride hydrate (NiCl2•xH2O), nickel(II)-chloride hexahydrate 

(NiCl2•6H2O), nickel tetrafluoroborate hexahydrate (Ni(BF4)4•6H2O), nickel(II)-acetate 

tetrahydrate (Ni(OAc)2•4H2O were purchased at the highest commercial quality and used without 

further purification. The photochemical reactions were performed with 455 (15) nm LEDs 

(OSRAM Oslon SSL 80 LDCQ7P-1U3U (blue, λmax = 455 (±15) nm, Imax = 1000 mA, radiant 

power ~ 500mW). The photochemical reactions under high-power LED illuminations were 

performed using either a photoreactor (blue, λmax = 455 (±15) nm, Imax = 1000 mA, radiant power 

~ 1.4W) or photochemical immersion well reactor (blue, λmax = 455 (±15) nm). For pictures of 

the irradiation set ups, see SI. Standard flash column chromatography was performed on a 

Biotage® IsoleraTM Spektra system automated with high-performance flash purification system 

using silica gel 60 M (particle size 40–63 μm, 230–440 mesh, Merck) using petroleum ether (PE), 

ethyl acetate (EtOAc), dichloromethane (DCM), methanol (MeOH) as standard solvents. The 

reverse-phase column chromatography, whenever necessary, was performed with a reverse-phase 

column using water/acetonitrile as the solvent mixture. 1H, 13C, 19F, and 31P NMR spectra were 
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recorded on Bruker Avance spectrometers (300 MHz, 75 MHz, 282 MHz, 121 MHz) or (400 

MHz, 101 MHz, 376 MHz, 162 MHz) in CDCl3, DMSO-d6, and MeOH-d4 solutions with internal 

solvent signals (for 1H and 13C) as reference (7.26, 77.2 for CDCl3, 2.50 and 39.5 for DMSO-d6, 

and 3.31, 49.0 for MeOH-d4). 1H NMR data are reported as follows: chemical shift (ppm), 

multiplicity (s = singlet, br. s. = broad singlet, d = doublet, t = triplet, q = quartet, quint = quintet, 

sext = sextet, hept = heptet, dd = doublet of doublets, ddd = doublet of doublets of doublets, td = 

triplet of doublets, qd = quartet of doublets, m = multiplet), coupling constants (Hz), and numbers 

of protons. 19F data are reported as follows: chemical shift (ppm), multiplicity (wherever 

applicable, s = singlet, d = doublet, t = triplet, q = quartet), coupling constants (Hz), and numbers 

of fluorines (wherever applicable). Data for 13C NMR are reported in terms of chemical shift, 

multiplicity (wherever applicable, s = singlet, d = doublet, t = triplet, q = quartet), coupling 

constants (Hz), and no special nomenclature is used for equivalent carbons. Data for 31P NMR are 

reported in terms of chemical shift, multiplicity (wherever applicable, s = singlet, d = doublet, t = 

triplet, q = quartet), coupling constants (Hz), and no special nomenclature is used for equivalent 

phosphorus. High-resolution mass spectra (HRMS), low-resolution mass spectra (LRMS), and 

high-performance liquid chromatography-mass spectra (HPLC–MS) were obtained from the 

central analytic mass spectrometry facilities of the Faculty of Chemistry and Pharmacy, 

Regensburg University, and are reported according to the IUPAC recommendations 2013. UV–

Vis measurements were performed with a Cary 4000 spectrometer. Electrochemical studies (in 

this case, cyclic voltammetry) were carried out under an argon atmosphere. The measurements 

were performed in respective solvents (DMA/DMF/ACN, DMSO) containing 0.1 M tetra-n-

butylammonium tetrafluoroborate using ferrocene/ferrocenium (Fc/Fc+) as an internal reference. 

A glassy carbon electrode (working electrode), platinum wire counter electrode, and Ag quasi-

reference electrode were employed. Gas chromatography (GC) and gas chromatography coupled 

to low-resolution mass spectrometry (GC-MS) analysis were performed using a capillary column 

(length: 30 m; diam.: 0.25 mm; film: 0.25 µM) using He gas as a carrier. GC was equipped with 

an FID detector. GC-MS was performed on 5975 MSD single quadrupole detector. For the 

reported GC-chromatograms of the cross–coupling reactions, the respective reduction products 

(as by-products, formed in minimal amounts) were identified by comparing them with authentic 

samples (GC/FID and GC-MS). Quantum yield measurements: The quantum yield was measured 

with a custom-made quantum yield determination setup[3]: translation stages (horizontal and 

vertical): Thorlabs DT 25/M or DT S25/M; photographic lens with f = 50 mm; magnetic stirrer: 

Faulhaber motor (1524B024S R) with 14:1 gear (15A); PS19Q power sensor from Coherent; 

PowerMax software; adjustable power supply "Basetech BT-153 0–15 V/DC 0–3 A 45 W". High-

resolution mass spectra were obtained on a Bruker maXis Q-TOF instrument (Bruker Daltonik 

GmbH, Germany) equipped with electrospray ionization (ESI) ion source. The experiments were 

performed in positive (+) MS ion mode (HV Capillary: 4500 V; HV End Plate Offset: - 500 V) 
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and negative (–) MS ion mode (HV Capillary: +4000 V; Spray Shield: −500 V) with a scan range 

of m/z 50–1500. External calibration of the mass spectrometer was performed using a low-

concentration tuning mix solution (Agilent Technologies). Direct syringe injection was applied 

for the analyzed solutions in DMA (flow rate: 3.0 µL/min-1). Nitrogen was applied as nebulizer 

gas (1 bar) and dry gas (4.0 L/min, 200 °C). The spectra were processed using Bruker Data 

Analysis 5.1 software. The Δδ values for the Ni complexes in the article and in the SI are given 

for the most abundant signal in complex. Ultrahigh-resolution mass spectra (ESI-UHRMS) were 

acquired on a Bruker SolariX XR ion cyclotron resonance Fourier transform MS (Bremen, 

Germany) equipped with a 15 Tesla superconducting magnet and an Apollo II source in negative 

electrospray ionization mode. The sample was injected with a constant flow rate of 120 µl/h, 

nebulizer gas pressure of 1 bar and drying gas (200 °C, 4.0 L×min-1). The accumulation time was 

0.1 sec, the number of scans was 256, and the m/z range was 150–1500. The applied ESI voltage 

was a 3.6 kV capillary voltage and a −0.5 kV end plate offset. All spectra were acquired using a 

time transient of 2 MW. Transfer optic parameters were therefore ToF 1.3 msec, frequency 4 

MHz and RF amplitude of 350 Vpp. In the ESI-MS spectra captions the appropriate composition 

for nickel complexes are given presumably and alternative structures may be assigned. Note: Due 

to a large number of synthetic examples in the SI, it was not possible to isolate all compounds 

(i.e., the desired product) and characterize them with NMR and high-resolution mass 

spectrometric analysis (HRMS).  
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 Synthetic Procedures of Cross–Coupling Reactions 

 

General procedure I. 

Ni-salt + PC

X Nu

R + Nu-H
455 nm

+ HXR
 

A 5 mL snap vial was charged with a magnetic stirring bar, (het)aryl halides (0.2 mmol, 1.0 

equiv.), the respective coupling partner (0.3-0.5 mmol, 1.5-2.5 equiv.), 4CzIPN (0.1-0.5 mol%), 

and NiBr2glyme (5.0 mol%, unless otherwise stated). 0.4 mL solvent was used. The reaction 

mixture was then introduced to the nitrogen atmosphere either via applying reduced pressure and 

refilling (×3) or "pump-freeze-thaw" cycles (×3, important for low boiling reagents) with a syringe 

needle and irradiated under N2 at 25 C or 60 C through the plane bottom side of the snap vial 

using a single blue LED (455 (± 15) nm). The reaction progress (in this case, mainly substrate 

consumption and the formation of desired product) was monitored by GC and GC-MS analysis. 

After completion, the reaction mixture was transferred (with the use of approx. 10 mL (3) ethyl 

acetate) to a separating funnel. Then, approx. 10-15 mL of brine solution was added, shaken, and 

the organic layer was collected. The water layer was extracted again with ethyl acetate (3  20 

mL). The combined organic layers were dried over MgSO4, filtered, and concentrated under 

reduced pressure. Purification of the crude product was achieved by flash column 

chromatography using petrol ether/ethyl acetate or other appropriate solvent mixtures (PE/DCM, 

DCM/MeOH, EtOAc/MeOH, wherever applicable) as eluents on silica gel. 

 

General procedure II. 

Ni-salt + PC
DABCO

X Nu

R + Nu-H
455 nm

+ HXR
 

A 5 mL snap vial was charged with a magnetic stirring bar, (het)aryl halides (0.2 mmol, 1.0 

equiv.), the respective coupling partner 0.36 mmol, 1.8 equiv.), 1,4-diazabicyclo(2.2.2)octan (0.4 

mmol, 2.2 equiv., unless otherwise stated), 4CzIPN (0.1-0.5 mol%), and a NiBr2glyme (5.0 

mol%, unless otherwise stated). 0.4 mL solvent was used. The reaction mixture was then 

introduced to the nitrogen atmosphere either via applying reduced pressure and refilling (×3) or 

"pump-freeze-thaw" cycles (×3, important for low boiling reagents) with a syringe needle and 

irradiated under N2 at 25 C or 60 C through the plane bottom side of the snap vial using a single 

blue LED (455 (± 15) nm). The reaction progress (in this case, mainly substrate consumption and 

the formation of desired product) was monitored by GC and GC-MS analysis. After completion, 

the reaction mixture was transferred (with the use of approx. 10 mL (3) ethyl acetate to a 

separating funnel. Then, approx. 10-15 mL of brine solution was added, shaken, and the organic 
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layer was collected. The water layer was extracted again with ethyl acetate (3  20 mL). The 

combined organic layers were dried over MgSO4, filtered, and concentrated under reduced 

pressure. Purification of the crude product was achieved by flash column chromatography using 

petrol ether/ethyl acetate or other appropriate solvent mixtures (PE/DCM, DCM/MeOH, 

EtOAc/MeOH, wherever applicable) as eluents on silica gel. 

 

General procedure II’. 

 

A 5 mL snap vial was charged with a magnetic stirring bar, (het)aryl halides (0.2 mmol, 1.0 

equiv.), the respective coupling partner (0.3-0.64 mmol, 1.5-3.2 equiv.), 1,4-

diazabicyclo(2.2.2)octan (0.32-0.44 mmol, 1.6-2.2 equiv.), triethylamine (0.05-0.1 mmol, 0.25-

0.5 equiv.), 4CzIPN (0.1-0.5 mol%), and a NiBr2glyme (5.0 mol%, unless otherwise stated). 0.4 

mL–1.2 mL solvent was used. The reaction mixture was then introduced to the nitrogen 

atmosphere either via applying reduced pressure and refilling (×3) or "pump-freeze-thaw" cycles 

(×3) with a syringe needle and irradiated under N2 at 25 C or 60 C through the plane bottom 

side of the snap vial using a single blue LED (455 (± 15) nm). The reaction progress (in this case, 

mainly substrate consumption and the formation of desired product) was monitored by GC and 

GC-MS analysis. After completion, the reaction mixture was transferred (with the use of 10 mL 

(3) ethyl acetate to a separating funnel. Then, approx. 10-15 mL of brine solution was added, 

shaken, and the organic layer was collected. The water layer was extracted again with ethyl acetate 

(3  20 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated 

under reduced pressure. Purification of the crude product was achieved by flash column 

chromatography using petrol ether/ethyl acetate or other appropriate solvent mixtures (PE/DCM, 

DCM/MeOH, EtOAc/MeOH, wherever applicable) as eluents on silica gel. 

 

General procedure III. 

 

A 5 mL snap vial was charged with a magnetic stirring bar, (het)aryl halides (0.2 mmol, 1.0 

equiv.), the respective coupling partner (0.28-0.4 mmol, 1.4-2.0 equiv.), cyclohexylamine (0.26 

mmol, 1.3 equiv.), 4CzIPN (0.1-0.5 mol%), and a NiBr2glyme (5.0 mol%, unless otherwise 

stated). 0.4 mL solvent was used. The reaction mixture was then introduced to the nitrogen 

atmosphere either via applying reduced pressure and refilling (×3) or "pump-freeze-thaw" cycles 
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(×3) with a syringe needle and irradiated under N2 at 25 C or 60 C through the plane bottom 

side of the snap vial using a single blue LED (455 (± 15) nm). The reaction progress (in this case, 

mainly substrate consumption and the formation of desired product) was monitored by GC and 

GC-MS analysis. After completion, the reaction mixture was transferred (with the use of 10 mL 

(3) ethyl acetate to a separating funnel. Then, approx. 10-15 mL of brine solution was added, 

shaken, and the organic layer was collected. The water layer was extracted again with ethyl acetate 

(3  20 mL). The combined organic layers were dried over MgSO4, filtered, and concentrated 

under reduced pressure. Purification of the crude product was achieved by flash column 

chromatography using petrol ether/ethyl acetate or other appropriate solvent mixtures (PE/DCM, 

DCM/MeOH, EtOAc/MeOH, wherever applicable) as eluents on silica gel. 

 

General procedure IV. 

 

A 5 mL snap vial was charged with a magnetic stirring bar, (het)aryl halides (0.2 mmol, 1.0 equiv., 

unless otherwise stated), the respective coupling partner (0.36-0.6 mmol, 1.8-3.0 equiv.), 1,1,3,3-

tetramethylguanidine (unless otherwise stated, 0.24 mmol, 1.2 equiv.), 4CzIPN (0.1-0.5 mol%), 

and a NiBr2glyme (5.0 mol%, unless otherwise stated). 0.4 mL solvent was used. The reaction 

mixture was then introduced to the nitrogen atmosphere either via applying reduced pressure and 

refilling (×3) or "pump-freeze-thaw" cycles (×3) with a syringe needle and irradiated under N2 at 

25 C or 60 C through the plane bottom side of the snap vial using a single blue LED (455 (± 

15) nm). The reaction progress (in this case, mainly substrate consumption and the formation of 

desired product) was monitored by GC and GC-MS analysis. After completion, the reaction 

mixture was transferred (with the use of 10 mL (3) ethyl acetate to a separating funnel. Then, 

approx. 10-15 mL of brine solution was added, shaken, and the organic layer was collected. The 

water layer was extracted again with ethyl acetate (3  20 mL). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under reduced pressure. Purification of the crude 

product was achieved by flash column chromatography using petrol ether/ethyl acetate or other 

appropriate solvent mixtures (PE/DCM, DCM/MeOH, EtOAc/MeOH, wherever applicable) as 

eluents on silica gel. 
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 Characterization of Isolated Products 

 

Note: The following products were synthesized by I. Ghosh and isolated by T. A. Karl.  

 

3-(nonylthio)pyridine (P3): The compound was prepared following the general 

procedure I using 3-bromopyridine (31.6 mg, 0.2 mmol, 1.0 equiv.), 1-nonanthiol (48.0 

mg, 0.3 mmol, 1.5 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN 

(0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA (0.4 mL) was used as a solvent. The 

reaction mixture was irradiated under N2 at 25 C for 45min using a single blue LED (455 (± 15) 

nm). After completion, the reaction mixture was subjected to the workup procedure outlined in 

general procedure I and purified using flash chromatography on silica gel using petroleum 

ether/ethyl acetate. Yield: 92%. 1H NMR (CDCl3, 400 MHz): 8.54 (1H, dd, J = 2.1, 0.5 Hz), 8.39 

(1H, dd, J = 4.8, 1.6 Hz), 7.62 (1H, ddd, J = 7.9, 2.1, 1.6 Hz), 7.19 (1H, ddd, J = 7.9, 4.8, 0.5 Hz), 

2.90 (2H, t, J = 7.4 Hz), 1.70-1.55 (2H, m), 1.49-1.34 (2H, m), 1.34-1.15 (10H, m), 0.86 (3H, t, J 

= 7.1 Hz). 13C NMR (CDCl3, 100 MHz): 149.86, 146.74, 136.82, 134.38, 123.65, 33.79, 31.93, 

29.52, 29.31, 29.22, 29.20, 28.81, 22.75, 14.19. HRMS: calculated for [M]+ C14H23NS
+
 237.1546; 

found 237.1539. 

 

ethyl 4-((2-methoxy-2-oxoethyl)thio)benzoate (P6): The compound was prepared 

following the general procedure I using ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol, 1.0 

equiv.), methyl thioglycolate (31.8 mg, 0.3 mmol, 1.5 equiv.), NiBr2glyme (3.2 mg, 

0.01 mmol, 0.05 equiv.), and 4CzIPN (0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA 

(0.4 mL) was used as a solvent. The reaction mixture was irradiated under N2 at 25 C for 3h 

using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was subjected 

to the workup procedure outlined in general procedure I and purified using flash chromatography 

on silica gel using petroleum ether/ethyl acetate. Yield: 96%. 1H NMR (CDCl3, 400 MHz): 7.84 

(2H, d, J = 8.5 Hz), 7.25 (2H, d, J = 8.5 Hz), 4.25 (2H, q, J = 7.1 Hz), 3.63 (3H, s), 3.62 (2H, s), 

1.27 (3H, t, J = 7.1 Hz). 13C NMR (CDCl3, 100 MHz): 169.70, 166.20, 141.82, 130.18, 128.27, 

127.24, 61.09, 52.88, 34.97, 14.42. HRMS: calculated for [M]+ C12H14O4S
+
 254.0607; found 

254.0603. 

 

2-(cyclohexylthio)thiazole (P12): The compound was prepared following the general 

procedure I using 2-bromothiazole (32.8 mg, 0.2 mmol, 1.0 equiv.), cyclohexanethiol 

(34.8 mg, 0.3 mmol, 1.5 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 
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4CzIPN (0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA (0.4 mL) was used as a solvent. The 

reaction mixture was irradiated under N2 at 25 C for 3h using a single blue LED (455 (± 15) nm). 

After completion, the reaction mixture was subjected to the workup procedure outlined in general 

procedure I and purified using flash chromatography on silica gel using petroleum ether/ethyl 

acetate. Yield: 66%. 1H NMR (CDCl3, 400 MHz): 7.68 (1H, d, J = 3.4 Hz), 7.21 (1H, d, J = 3.4 

Hz), 3.60 (1H, tt, J = 10.4, 3.7 Hz), 2.15-2.03 (2H, m), 1.82-1.71 (2H, m), 1.66-1.56 (1H, m), 

1.56-1.44 (2H, m), 1.44-1.24 (3H, m). 13C NMR (CDCl3, 100 MHz): 156.81, 155.86, 133.49, 

33.64, 31.91, 29.50, 29.29, 29.18, 29.17, 28.73, 22.74, 14.17. HRMS: calculated for [M]+ 

C9H13NS2

+
 199.0484; found 199.0488. 

 

ethyl 4-(((3s,5s,7s)-adamantan-1-yl)thio)benzoate (P13): The compound was 

prepared following the general procedure I using ethyl 4-bromobenzoate (45.8 mg, 

0.2 mmol, 1.0 equiv.), 1-adamantanthiol (60.6 mg, 0.36 mmol, 1.8 equiv.), 

NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.2 mol%, 0.0004 

mmol, 0.002 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture was irradiated 

under N2 at 25 C for 25h using a single blue LED (455 (± 15) nm). The reaction mixture was 

then subjected to the workup procedure outlined in general procedure I and purified using flash 

chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 46%. 1H NMR (CDCl3, 

400 MHz): 7.97 (2H, d, J = 8.3 Hz), 7.55 (2H, d, J = 8.3 Hz), 4.37 (2H, q, J = 7.1 Hz), 2.06-1.94 

(3H, m), 1.82 (6H, d, J = 2.5 Hz), 1.68-1.53 (6H, m), 1.39 (3H, t, J = 7.1 Hz). 13C NMR (CDCl3, 

100 MHz): 166.42, 137.29, 136.85, 130.54, 129.34, 61.21, 49.01, 43.84, 36.19, 30.13, 14.45. 

HRMS: calculated for [M]+ C19H24O2S
+
 316.1492; found 316.1489. 

 

4-(phenylthio)benzoic acid (P21): The compound was prepared following the general 

procedure I using 4-bromobenzoic acid (40.2 mg, 0.2 mmol, 1.0 equiv.), thiophenol 

(33.0 mg, 0.3 mmol, 1.5 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 

4CzIPN (0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA (0.4 mL) was used as a solvent. 

The reaction mixture was irradiated under N2 at 25 C for 2 h using a single blue LED (455 (± 

15) nm). After completion, the reaction mixture was subjected to the workup procedure outlined 

in general procedure I and purified using flash chromatography on silica gel using DCM/MeOH. 

Yield: 69%. 1H NMR (CDCl3, 300 MHz): 11.52 (1H, br s), 7.96 (2H, d, J = 8.5 Hz), 7.61-7.47 

(2H, m), 7.47-7.35 (3H, m), 7.21 (2H, d, J = 8.5 Hz). 13C NMR (CDCl3, 75 MHz): 172.02, 

146.20, 134.26, 131.89, 130.80, 129.87, 129.08, 127.25, 126.45. HRMS: calculated for [M]+ 

C13H10O2S
+
 230.0396; found 230.0390. 
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5-(phenylthio)pyrimidine (P24): The compound was prepared following the general 

procedure I using 3-bromopyrimidine (31.8 mg, 0.2 mmol, 1.0 equiv.), thiophenol 

(33.0 mg, 0.3 mmol, 1.5 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 

4CzIPN (0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA (0.4 mL) was used as a solvent. The 

reaction mixture was irradiated under N2 for 6h using a single blue LED (455 (± 15) nm). After 

completion, the reaction mixture was subjected to the workup procedure outlined in general 

procedure I and purified using flash chromatography on silica gel using petroleum ether/ethyl 

acetate. Yield: 59%. 1H NMR (CDCl3, 400 MHz): 9.01 (1H, s), 8.57 (2H, s), 7.48-7.28 (5H, m). 
13C NMR (CDCl3, 100 MHz): 157.10, 156.32, 133.65, 132.77, 131.72, 129.97, 128.89. HRMS: 

calculated for [M]+ C10H8N2S
+
 188.0403; found 188.0398. 

 

ethyl 4-(hexylamino)benzoate (P28): The compound was prepared following the general 

procedure II using ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol, 1.0 equiv.), hexylamine 

(36.4 mg, 0.36 mmol, 1.8 equiv.), 1,4-diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 

2.2 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 

0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture 

was irradiated under N2 at 25 C for 4h15min using a single blue LED (455 (± 15) nm). After 

completion, the reaction mixture was subjected to the workup procedure outlined in general 

procedure II and purified using flash chromatography on silica gel using petroleum ether/ethyl 

acetate. Yield: 89%. 1H NMR (CDCl3, 300 MHz): 7.86 (2H, d, J = 8.9 Hz), 6.55 (2H, d, J = 8.7 

Hz), 4.31 (2H, q, J = 7.1 Hz), 4.3 (1H, br s), 3.19-3.11 (2H, m), 1.70-1.56 (2H, m), 1.48-1.72 (9H, 

m), 0.95-0.82 (3H, m). 13C NMR (CDCl3, 75 MHz): 167.00, 152.05, 131.62, 118.71, 111.58, 

60.25, 34.66, 31.69, 29.39, 26.86, 22.70, 14.58, 14.12. HRMS: calculated for [M+H]+ 

C15H24NO2

+
 250.1802; found 250.1804. 

 

ethyl 4-(benzylamino)benzoate (P35): The compound was prepared following the 

general procedure II using ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol, 1.0 equiv.), 

benzylamine (38.52 mg, 0.36 mmol, 1.8 equiv.), 1,4-diazabicyclo[2.2.2]octane (49.3 mg, 

0.44 mmol, 2.2 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 

mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture 

was irradiated under N2 at 60 C for 1.5h using a single blue LED (455 (± 15) nm). After 

completion, the reaction mixture was subjected to the workup procedure outlined in general 

procedure II and purified using flash chromatography on silica gel using petroleum ether/ethyl 

acetate. Yield: 86%. 1H NMR (CDCl3, 400 MHz): 7.89 (2H, d, J = 8.8 Hz), 7.42-7.33 (4H, m), 

CO2Et

HN
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7.33-7.27 (1H, m), 6.59 (2H, d, J = 8.8 Hz), 4.63 (1H, br s), 4.38 (2H, s), 4.32 (2H, q, J = 7.1 Hz), 

1.37 (3H, t, J = 7.1 Hz). 13C NMR (CDCl3, 100 MHz): 166.93, 151.81, 138.51, 131.55, 128.80, 

127.52, 127.42, 118.96, 111.68, 60.26, 47.66, 14.50. HRMS: calculated for [M]+ C16H17NO2

+
 

255.1254; found 255.1249. 

 

ethyl 4-(3,4-dihydroisoquinolin-2(1H)-yl)benzoate (P51): The compound was prepared 

following the general procedure II, using ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol, 

1.0 equiv.), 1,2,3,4-tetrahydroisochinoline (47.9 mg, 0.36 mmol, 1.8 equiv.), 1,4-

diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 2.2 equiv.), NiBr2glyme (3.2 mg, 0.01 

mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used 

as a solvent. The reaction mixture was irradiated under N2 at 25 C for 3.5h using a single blue 

LED (455 (± 15) nm). After completion, the reaction mixture was subjected to the workup 

procedure outlined in general procedure II and purified using flash chromatography on silica gel 

using petroleum ether/ethyl acetate. Yield: 76%. 1H NMR (d6-DMSO, 300 MHz): 7.81 (2H, d, 

J = 9.0 Hz), 7.31-7.14 (4H, m), 7.00 (2H, d, J = 9.0 Hz), 4.53 (2H, s), 4.24 (2H, q, J = 7.1 Hz), 

3.64 (2H, t, J = 5.9 Hz), 2.93 (2H, t, J = 5.9 Hz), 1.29 (3H, t, J = 7.1 Hz). 13C NMR (d6-DMSO, 

75 MHz): 166.76, 152.79, 134.91, 134.01, 130.79, 128.10, 126.53, 126.49, 126.07, 117.29, 

112.21, 59.77, 48.26, 44.27, 28.05, 14.35. HRMS: calculated for [M]+ C18H19NO2

+
 281.1410; 

found 281.1390. 

 

 1,1-diphenyl-N-(pyridin-3-yl)methanimine (P57): The compound was prepared 

following the general procedure II, using 3-bromopyridine (31.6 mg, 0.2 mmol, 1.0 

equiv.), benzophenone imine (72.4 mg, 0.4 mmol, 2.0 equiv.), 1,4-

diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 2.2 equiv.), NiBr2glyme (3.2 mg, 

0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was 

used as solvent. The reaction mixture was irradiated under N2 at 60 C for 12h using a single blue 

LED (455 (± 15) nm). After completion, the reaction mixture was subjected to the workup 

procedure outlined in general procedure II and purified using flash chromatography on silica gel 

using petroleum ether/ethyl acetate. Yield: 84%.1H NMR (d6-DMSO, 400 MHz): 8.09 (1H, dd, 

J = 4.4, 1.6 Hz), 7.95 (1H, dd, J = 1.6, 0.6 Hz), 7.77-7.62 (2H, m), 7.59-7.51 (1H, m), 7.51-7.42 

(2H, m), 7.37-7.27 (3H, m), 7.20-7.09 (4H, m). 13C NMR (d6-DMSO, 100 MHz): 169.51, 

147.07, 144.08, 141.36, 138.23, 135.33, 131.35, 128.91, 128.78, 128.45, 128.20, 127.59, 

123.22.HRMS: calculated for [M]+ C18H14N2

+
 258.1151; found 258.1153. 
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 1,1-diphenyl-N-(pyrimidin-5-yl)methanimine (P58): The compound was prepared 

following the general procedure II, using 3-bromopyrimidine (31.8 mg, 0.2 mmol, 

1.0 equiv.), benzophenone imine (72.4 mg, 0.4 mmol, 2.0 equiv.), 1,4-

diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 2.2 equiv.), NiBr2glyme (3.2 mg, 

0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was 

used as a solvent. The reaction mixture was irradiated under N2 at 60 C for 12h using a single 

blue LED (455 (± 15) nm). After completion, the reaction mixture was subjected to the workup 

procedure outlined in general procedure II and purified using flash chromatography on silica gel 

using petroleum ether/ethyl acetate. Yield: 97%. 1H NMR (d6-DMSO, 400 MHz): 8.72 (1H, s), 

8.25 (2H, s), 7.77-7.66 (2H, m), 7.62-7.53 (1H, m), 7.53-7.45 (2H, m), 7.41-7.31 (3H, m), 7.27-

7.16 (2H, m). 13C NMR (d6-DMSO, 100 MHz): 171.38, 153.23, 148.19, 145.17, 137.70, 134.70, 

131.80, 129.11, 128.77, 128.56, 128.39. HRMS: calculated for [M]+ C17H13N3

+
 259.1104; found 

259.1106. 

 

dimethyl(pyrimidin-5-ylimino)-6-sulfanone (P63): The compound was prepared 

following the general procedure II, using 3-bromopyrimidine (31.8 mg, 0.2 mmol, 1.0 

equiv.), iminodimethyl(6)sulfanone (29.8 mg, 0.32 mmol, 1.6 equiv.), 1,4-

diazabicyclo[2.2.2]octane (40.3 mg, 0.36 mmol, 1.8 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 

0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used as a 

solvent. The reaction mixture was irradiated under N2 at 25 C for 5h using a single blue LED 

(455 (± 15) nm). After completion, the reaction mixture was subjected to the workup procedure 

outlined in general procedure II and purified using flash chromatography on silica gel using 

petroleum ether/ethyl acetate. Yield: 96%. 1H NMR (CDCl3, 400 MHz): 8.76 (1H, s), 8.44 (2H, 

s), 3.18 (6H, s). 13C NMR (CDCl3, 100 MHz): 151.96, 150.50, 140.81, 42.67. HRMS: calculated 

for [M]+ C6H9N3OS
+
 171.0461; found 171.0461. 

 

1-(pyridin-3-yl)pyrrolidin-2-one (P99): The compound was prepared following the 

general procedure IV, using 3-bromopyridine (31.6 mg, 0.2 mmol, 1.0 equiv.), 2-

pyrrolidone (30.6 mg, 0.36 mmol, 1.8 equiv.), 1,1,3,3-tetramethylguanidine (27.6 mg, 

0.24 mmol, 1.2 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 

0.001 mmol, 0.005 equiv.). ACN (0.5 mL) was used as a solvent. The reaction mixture was 

irradiated under N2 at 60 C for 30h using a single blue LED (455 (± 15) nm). After completion, 

the reaction mixture was subjected to the workup procedure outlined in general procedure IV and 

purified using flash chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 54%. 
1H NMR (CDCl3, 400 MHz): 8.72 (1H, d, J = 2.4 Hz), 8.38 (1H, d, J = 4.7 Hz), 8.26 (1H, ddd, 
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J = 8.4, 2.4, 1.3 Hz), 7.32 (1H, dd, J = 8.4, 4.7 Hz), 3.89 (2H, t, J = 7.0 Hz), 2.62 (2H, t, J = 8.1 

Hz), 2.21 (2H, tt, J = 8.1, 7.0 Hz). 13C NMR (CDCl3, 100 MHz): 174.90, 145.00, 140.13, 127.40, 

123.69, 48.05, 32.42, 18.15. HRMS: calculated for [M]+ C9H10N2O
+
 162.0788; found 162.0785. 

 

1-(pyridin-3-yl)-1H-indole (P106): The compound was prepared following the general 

procedure IV using 3-bromopyridine (31.6 mg, 0.2 mmol, 1.0 equiv.), indole (70.2 mg, 

0.6 mmol, 3.0 equiv.), 1,1,3,3-tetramethylguanidine (27.6 mg, 0.24 mmol, 1.2 equiv.), 

NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 

equiv.). DMF (0.4 mL) was used as a solvent. The reaction mixture was irradiated under N2 at 80 

C for 24h using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was 

subjected to the workup procedure outlined in general procedure IV and purified using flash 

chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 62%. 1H NMR (CDCl3, 

400 MHz): 8.85 (1H, dd J = 2.5, 0.5 Hz), 8.62 (1H, dd J = 4.8, 1.5 Hz), 7.85 (1H, ddd J = 8.2, 

2.5, 1.5 Hz), 7.74-7.68 (1H, m), 7.56-7.51 (1H, m), 7.48 (1H, ddd J = 8.2, 4.8, 0.5 Hz), 7.33 (1H, 

d, J = 3.3), 7.30-7.24 (1H, m), 7.24-7.19 (1H, m), 6.75 (1H, dd, J = 3.3, 0.7). 13C NMR (CDCl3, 

100 MHz): 147.53, 145.70, 136.58, 135.88, 131.55, 129,61, 127.51, 124.25, 123.04, 121.52, 

121.05, 110.09, 104.96. HRMS: calculated for [M]+ C13H10N2

+
 194.0838; found 194.0833. 

 

ethyl 4-(methylsulfonyl)benzoate (P140): The compound was prepared following 

the general procedure II’, using ethyl 4-bromobenzoate (45.8 mg, 0.2 mmol, 1.0 

equiv.), sodium methanesulfinate (36.7 mg, 0.36 mmol, 1.8 equiv.), 1,4-

diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 2.2 equiv.), triethylamine (10.1 mg, 0.1 mmol, 

0.5 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 

0.005 equiv.). DMA (1.2 mL) was used as a solvent. The reaction mixture was irradiated under 

N2 at 25 C for 3h using a single blue LED (455 (± 15) nm). After completion, the reaction mixture 

was subjected to the workup procedure outlined in general procedure II’ and purified using flash 

chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 89%. 1H NMR (CDCl3, 

400 MHz): 8.21 (2H, d, J = 8.5 Hz), 8.00 (2H, d, J = 8.5 Hz), 4.40 (2H, q, J = 7.2 Hz), 3.06 (3H, 

s), 1.40 (3H, t, J = 7.2 Hz). 13C NMR (CDCl3, 100 MHz): 165.01, 144.23, 135.31, 130.56, 127.52, 

61.91, 44.39, 14.31. HRMS: calculated for [M]+ C10H12O4S
+
 228.0451; found 228.0448. 

 

4-((3-ethoxy-3-oxopropyl)thio)benzoic acid (P150): The compound was prepared 

following the general procedure I, using 4-bromobenzoic acid (40.2 mg, 0.2 mmol, 

1.0 equiv.), ethyl 3-mercaptopropionate (40.2 mg, 0.3 mmol, 1.5 equiv.), 
CO2H

S OEt

O



 

330 
 

NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 

equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture was irradiated under N2 at 25 

C for 4h using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was 

subjected to the workup procedure outlined in general procedure I and purified using flash 

chromatography on silica gel using DCM/MeOH. Yield: 81%. 1H NMR (CDCl3, 400 MHz): 

11.03, (1H, br s), 8.00 (2H, d, J = 8.3 Hz), 7.34 (2H, d, J = 8.3 Hz), 4.17 (2H, q, J = 7.1 Hz), 3.27 

(2H, t, J = 7.4 Hz), 2.69 (2H, t, J = 7.4 Hz), 1.26 (3H, t, J = 7.1 Hz). 13C NMR (CDCl3, 100 

MHz): 171.91, 171.59, 144.25, 130.77, 126.91, 126.37, 61.10, 34.03, 27.24, 14.28. HRMS: 

calculated for [M]+ C12H14O4S
+
 254.0607; found 254.0611. 

 

methyl 3-((sec-butoxycarbonyl)amino)benzoate (P161): The compound was 

prepared following the general procedure II’, using methyl 3-bromobenzoate (43.0 

mg, 0.2 mmol, 1.0 equiv.), sodium cyanate (19.5 mg, 0.3 mmol, 1.5 equiv.), 2-

butanol (81.4 mg, 1.1 mmol, 5.5 equiv.), 1,4-diazabicyclo[2.2.2]octane (29.1 mg, 

0.26 mmol, 1.3 equiv.), triethylamine (7.3 mg, 0.72 mmol, 0.36 equiv.), NiBr2glyme (3.2 mg, 

0.01 mmol, 0.05 equiv.), and 4CzIPN (0.1 mol%, 0.0002 mmol, 0.001 equiv.). DMA (0.4 mL) 

was used as a solvent. The reaction mixture was irradiated under N2 at 60 C for 36h using a 

single blue LED (455 (± 15) nm). After completion, the reaction mixture was subjected to the 

workup procedure outlined in general procedure II’ and purified using flash chromatography on 

silica gel using petroleum ether/ethyl acetate. Yield: 72%. 1H NMR (CDCl3, 400 MHz): 8.04 

(1H, s), 7.77 (1H, d, J = 7.7 Hz), 7.70 (1H, d, J = 7.8 Hz), 7.41-7.31 (1H, m), 7.18 (1H, br s), 4.84 

(1H, tq, J = 6.3, 6.3 Hz), 3.89 (3H, s), 1.72-1.47 (2H, m), 1.25 (3H, d, J = 6.3 Hz), 0.92 (3H, t, J 

= 7.5 Hz). 13C NMR (CDCl3, 100 MHz): 167.07, 153.60, 138.77, 130.86, 129.18, 124.23, 123.05, 

119.69, 73.57, 52.31, 29.06, 19.75, 9.74. HRMS: calculated for [M+NH4]+ C13H21N2O4

+
 

269.1496; found 269.1497. 

 

sec-butyl (3-chlorophenyl)carbamate (P162): The compound was prepared 

following general procedure II, using 1-bromo-3-chlorobenzene (38.3 mg, 0.2 

mmol, 1.0 equiv.), sodium cyanate (19.5 mg, 0.3 mmol, 1.5 equiv.), 2-butanol (40.7.4 

mg, 0.55 mmol, 2.75 equiv.), 1,4-diazabicyclo[2.2.2]octane (29.1 mg, 0.26 mmol, 

1.3 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 

0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture was irradiated under 

N2 at 60 C for 48h using a single blue LED (455 (± 15) nm). After completion, the reaction 

mixture was subjected to the workup procedure outlined in general procedure II and purified 

using flash chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 38%. 1H 
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NMR (CDCl3, 400 MHz): 7.52 (1H, s), 7.25-7.17 (2H, m), 7.05-6.98 (1H, m), 6.75 (1H, br s), 

4.84 (1H, tq, J = 6.3, 6.3 Hz), 1.73-1.50 (2H, m), 1.26 (3H, d, J = 6.3 Hz), 0.93 (3H, t, J = 7.5 

Hz). 13C NMR (CDCl3, 100 MHz): 153.33, 139.50, 134.82, 130.06, 123.31, 118.73, 116.63, 

73.80, 29.06, 19.75, 9.76.  

 

ethyl 4-(((benzyloxy)carbonyl)amino)benzoate (P163): The compound was 

prepared following the general procedure II, using ethyl 4-bromobenzoate (45.8 

mg, 0.2 mmol, 1.0 equiv.), sodium cyanate (19.5 mg, 0.3 mmol, 1.5 equiv.), 

benzyl alcohol (64.8 mg, 0.6 mmol, 3.0 equiv.), 1,4-diazabicyclo[2.2.2]octane 

(29.1 mg, 0.26 mmol, 1.3 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN 

(0.5 mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction 

mixture was irradiated under N2 at 60 C for 24h using a single blue LED (455 (± 15) nm). After 

completion, the reaction mixture was subjected to the workup procedure outlined in general 

procedure II and purified using flash chromatography on silica gel using petroleum ether/ethyl 

acetate. Yield: 83%. 1H NMR (CDCl3, 400 MHz): 7.99 (2H, d, J = 8.7 Hz), 7.47 (2H, d, J = 8.7 

Hz), 7.43-7.28 (5H, m), 7.07 (1H, br s), 5.21 (2H, s), 4.35 (2H, q, J = 7.1 Hz), 1.37 (3H, t, J = 7.1 

Hz). 13C NMR (CDCl3, 100 MHz): 166.36, 153.07, 142.18, 135.83, 130.99, 128.78, 128.61, 

128.48, 125.32, 117.69, 67.42, 60.95, 14.45. 

 

7sec-butyl (4-formylphenyl)carbamate (P167): The compound was prepared 

following the general procedure II, using 4-bromobenzaldehyde (37.0 mg, 0.2 

mmol, 1.0 equiv.), sodium cyanate (19.5 mg, 0.3 mmol, 1.5 equiv.), 2-butanol (81.4 

mg, 1.1 mmol, 5.5 equiv.), 1,4-diazabicyclo[2.2.2]octane (29.1 mg, 0.26 mmol, 1.3 

equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 

0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture was irradiated under 

N2 at 60 C for 18h using a single blue LED (455 (± 15) nm). After completion, the reaction 

mixture was subjected to the workup procedure outlined in general procedure II and purified 

using flash chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 82%. 1H 

NMR (CDCl3, 400 MHz): 9.88 (1H, s), 7.81 (2H, d, J = 8.6 Hz), 7.59 (2H, d, J = 8.6 Hz), 7.38 

(1H, br s), 4.85 (1H, tq, J = 6.3, 6.3 Hz), 1.71-1.48 (2H, m), 1.25 (3H, d, J = 6.3 Hz), 0.91 (3H, t, 

J = 7.4 Hz). 13C NMR (CDCl3, 100 MHz): 191.29, 153.09, 144.30, 131.39, 131.39, 118.02, 

74.05, 28.98, 19.70, 9.72. HRMS: calculated for [M]+ C12H15NO3+ 221,1046; found 221,1046. 

 

 (2-((4-(ethoxycarbonyl)phenyl)thio)propanoyl)glycine (P189): The 

compound was prepared following the general procedure I, using ethyl 
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4-bromobenzoate (45.8 mg, 0.2 mmol, 1.0 equiv.), tiopronin (34.2 mg, 0.21 mmol, 1.05 equiv.), 

NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 

equiv.). DMA (0.4 mL) was used as solvent. The reaction mixture was irradiated under N2 for 6h 

using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was subjected 

to the workup procedure outlined in general procedure I and purified using flash chromatography 

on silica gel. Yield: 61%. 1H NMR (CDCl3, 400 MHz): 7.92 (2H, d, J = 8.4 Hz), 7.34 (2H, d, J 

= 8.4 Hz), 7.20 (1H, t, J = 5.3 Hz),6.19 (1H, br s), 4.35 (2H, q, J = 7.1 Hz), 4.03 (2H, d, J = 5.3 

Hz), 3.98 (1H, q, J = 7.3 Hz), 1.60 (3H, d, J = 7.3 Hz), 1.37 (3H, t, J = 7.1 Hz). 13C NMR (CDCl3, 

100 MHz): 172.96, 172.66, 166.40, 140.43, 130.33, 128.79, 128.47, 61.32, 45.86, 41.54, 18.28, 

14.43. HRMS: calculated for [M+H]+ C14H18NO5S
+
 312.0900; found 312.0908. 

 

ethyl (R)-4-((6-(propylamino)-4,5,6,7-tetrahydrobenzo[d]thiazol-

2-yl)amino)benzoate (P196): The compound was prepared following 

the general procedure III, using ethyl 4-bromobenzoate (45.8 mg, 0.2 

mmol, 1.0 equiv.), pramipexole (63.3 mg, 0.3 mmol, 1.5 equiv.), cyclohexylamine (25.7 mg, 0.26 

mmol, 1.3 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 

mmol, 0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture was irradiated 

under N2 at 60 C for 20h using a single blue LED (455 (± 15) nm). After completion, the reaction 

mixture was subjected to the workup procedure outlined in general procedure III and purified 

using flash chromatography on silica gel using DCM/MeOH. Yield: 56%. 1H NMR (d4-MeOH, 

400 MHz): 7.92 (2H, d, J = 8.9 Hz), 7.59 (2H, d, J = 8.9 Hz), 4.32 (2H, q, J = 7.1 Hz), 3.14-3.05 

(1H, m), 3.00 (1H, dd, J = 15.4, 5.0 Hz), 2.83-2.61 (4H, m), 2.50 (1H, dd, J = 15.4, 8.9 Hz), 2.21-

2.11 (1H, m), 1.80-1.68 (1H, m), 1.59 (2H, qt, J = 7.4, 7.4 Hz), 1.36 (3H, t, J = 7.1 Hz), 0.97 (3H, 

t, J = 7.4 Hz). 13C NMR (d4-MeOH, 100 MHz): 168.05, 162.98, 147.00, 146.63, 131.87, 123.68, 

117.45, 117.12, 61.77, 55.36, 49.69, 29.41, 29.38, 26.11, 23.32, 14.67, 11.97. HRMS: calculated 

for [M+H]+ C19H26N3O2S
+
 360.1740; found 360.1741. 

 

ethyl 4-((9-((2R,3R,4S,5R)-3,4-dihydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-9H-purin-6-yl)amino)benzoate 

(P199): The compound was prepared following general procedure III, using ethyl 

4-bromobenzoate (45.8 mg, 0.2 mmol, 1.0 equiv.), adenosine (106.8 mg, 0.4 

mmol, 2.0 equiv.), cyclohexylamine (25.7 mg, 0.26 mmol, 1.3 equiv.), 

NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 0.001 mmol, 0.005 

equiv.). DMA (0.4 mL) was used as solvent. The reaction mixture was irradiated under N2 for 

24h using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was 
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subjected to the workup procedure outlined in general procedure III and purified using Reversed-

phase flash chromatography using petroleum ether/ethyl acetate. Yield: 63%. 1H NMR (d4-

MeOH, 400 MHz): 8.33 (1H, s), 8.22 (1H, s), 7.99 (2H, d, J = 9.0 Hz), 7.15 (2H, d, J = 9.0 Hz), 

6.14-6.09 (1H, m), 5.21-5.13 (2H, m), 4.40-4.37 (1H, m), 4.33 (2H, q, J = 7.1 Hz), 3.95 (1H, dd, 

J = 12.6, 3.0 Hz), 3.95 (1H, dd, J = 12.6, 2.8 Hz), 1.37 (3H, t, J = 7.1 Hz). 13C NMR (d4-MeOH, 

100 MHz): 167.82, 163.16, 157.61, 153.59, 150.14, 142.13, 132.55, 124.66, 121.08, 116.44, 

90.97, 85.71, 78.62, 74.45, 63.24, 61.91, 14.63. HRMS: calculated for [M+H]+ C19H22N5O6+ 

416,1565; found 416,1570. 

 

ethyl (S)-4-(3-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)-

1H-indol-1-yl)benzoate (P201): The compound was prepared following general 

procedure IV using a syringe pump. The solution for syringe has been prepared 

from ethyl 4-bromobenzoate (91.6 mg, 0.4 mmol, 1.0 equiv.), 1,1,3,3-

tetramethylguanidine (55.2 mg, 0.48 mmol, 1.2 equiv.) and DMA (600 l), 

degassed and put into the syringe. methyl (tert-butoxycarbonyl)-L-tryptophanate 

(254 mg, 0.8 mmol, 2.0 equiv.), NiBr2glyme (6.4 mg, 0.02 mmol, 0.05 equiv.), and 4CzIPN (1.6 

mg, 0.002 mmol, 0.005 equiv.) have been dissolved in DMA (400 l) and degassed in a crimp 

cap vial. The content of the syringe has been pushed into the reaction mixture via syringe pump 

for 40h during the photoirradiation under N2 at 25 C using a single blue LED (455 (± 15) nm). 

After the electrophile addition the reaction mixture has been irradiated for 8 h more. After 

completion, the reaction mixture was subjected to the workup procedure outlined in the general 

procedure II and purified using flash chromatography on silica gel using petroleum ether/ethyl 

acetate. Yield: 45%. 1H NMR (CDCl3, 400 MHz): 8.19 (2H, d, J = 8.6 Hz), 7.68-7.58 (2H, m), 

7.55 (2H, d, J = 8.6 Hz), 7.30-7.23 (1H, m), 7.23-7.14 (2H, m), 5.14 (1H, d, J = 8.0 Hz), 4.34 

(1H, dt, J = 8.0, 5.4 Hz), 4.42 (2H, q, J = 7.1 Hz), 3.72 (3H, s), 3.37 (1H, dd, J = 14.7, 5.4 Hz), 

3.30 (1H, dd, J = 14.7, 5.4 Hz), 1.43 (3H, t, J = 7.1 Hz), 1.43 (9H, s). 13C NMR (CDCl3, 100 

MHz): 172.71, 166.04, 155.33, 143.51, 135.75, 131.34, 129.78, 128.04, 125.99, 123.30, 123.20, 

120.97, 119.49, 112.92, 110.78, 80.07, 61.28, 54.12, 52.47, 28.45, 28.07, 14.50. HRMS: 

calculated for [M+H]+ C26H31N2O6+ 467,2177; found 467,2173. 

 

ethyl 4-((4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-

yl)phenyl)sulfonamido)benzoate (P202): The compound was 

prepared following general procedure IV, using ethyl 4-

bromobenzoate (45.8 mg, 0.2 mmol, 1.0 equiv.), celecoxib (152.4 

mg, 0.4 mmol, 2.0 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 
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mol%, 0.001 mmol, 0.005 equiv.), and 1,1,3,3-tetramethylguanidine (27.6 mg, 0.24 mmol, 1.2 

equiv.). DMA (0.4 mL) was used as solvent. The reaction mixture was irradiated under N2 at 60 

C for 24h using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was 

subjected to the workup procedure outlined in general procedure IV and purified using flash 

chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 79%. 1H NMR (CDCl3, 

300 MHz): 10.92 (1H, br s), 7.86 (2H, d, J = 8.7 Hz), 7.85 (2H, d, J = 8.8 Hz), 7.51 (2H, d, J = 

8.7 Hz), 7.22 (2H, d, J = 8.8 Hz), 7.16 (1H, s), 7.09 (2H, d, J = 8.4 Hz), 7.05 (2H, d, J = 8.4 Hz), 

4.25 (2H, q, J = 7.1 Hz), 2.27 (3H, s), 1.27 (3H, d, J = 7.1 Hz). 13C NMR (CDCl3, 75 MHz): 

165.14, 145.31, 142.35 (q, J(C-F) = 37.5 Hz), 142.15, 141.92, 139.06, 138.82, 130.60, 129.29, 

128.63, 128.09, 126.56, 125.19, 125.11, 121.25 (q, J(C-F) = 269.0 Hz), 118.91, 106.05, 60.59, 

20.71, 14.14. HRMS: calculated for [M+H]+ C26H23F3N3O4S+ 530,1356; found 530,1359. 

 

ethyl (R)-4-(4-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-

oxopropyl)phenoxy)benzoate (P205): The compound was prepared 

following general procedure IV using syringe pump. The solution for 

syringe has been prepared from ethyl 4-bromobenzoate (91.6 mg, 0.4 

mmol, 1.0 equiv.), 1,1,3,3-tetramethylguanidine (55.2 mg, 0.48 mmol, 1.2 

equiv.) and DMA (600 l), degassed and put into the syringe. Methyl (tert-

butoxycarbonyl)tyrosinate (236.3 mg, 0.8 mmol, 2 equiv.), NiBr2glyme (6.4 mg, 0.02 mmol, 

0.05 equiv.), and 4CzIPN (1.6 mg, 0.002 mmol, 0.005 equiv.) have been dissolved in DMA (400 

l) and degassed in a crimp cap vial. The content of the syringe has been pushed into the reaction 

mixture via syringe pump for 40h during the photoirradiation under N2 at 60 C using a single 

blue LED (455 (± 15) nm). After the electrophile addition the reaction mixture has been irradiated 

for 8 h more. Upon completion, the reaction mixture was subjected to the workup procedure 

outlined in general procedure X and purified using flash chromatography on silica gel using 

petroleum ether/ethyl acetate. Yield: 59%. 1H NMR (CDCl3, 400 MHz): 8.00 (2H, d, J = 8.7 

Hz), 7.14 (2H, d, J = 8.2 Hz), 6.98 (2H, d, J = 8.2 Hz), 6.96 (2H, d, J = 8.7 Hz), 5.03 (1H, d, J = 

7.8 Hz), 4.59 (1H, dt, J = 7.8, 5.6 Hz), 4.35 (2H, q, J = 7.1 Hz), 3.72 (3H, s), 3.13 (1H, dd, J = 

13.8, 5.6 Hz), 3.02 (1H, dd, J = 13.8, 5.6 Hz), 1.42 (9H, s), 1.38 (3H, t, J = 7.1 Hz). 13C NMR 

(CDCl3, 100 MHz): 172.36, 166.22, 161.70, 155.15, 154.88, 132.36, 131.74, 130.99, 125.05, 

120.12, 117.46, 80.12, 60.95, 54.58, 52.40, 37.96, 28.42, 14.48. HRMS: calculated for [M+Na]+ 

C24H29NNaO7+ 466.1836; found 466.1843. 
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6'-methyl-3-(4-(methylsulfonyl)phenyl)-N-phenyl-[2,3'-bipyridin]-5-

amine (P215): The compound was prepared following the general 

procedure II’, using etoricoxib (71.8 mg, 0.2 mmol, 1.0 equiv.), aniline 

(37.2 mg, 0.4 mmol, 2.0 equiv.), 1,4-diazabicyclo[2.2.2]octane (49.3 mg, 

0.44 mmol, 2.2 equiv.), triethylamine (5.05 mg, 0.25 mmol, 0.25 equiv.), NiBr2glyme (3.2 mg, 

0.01 mmol, 0.05 equiv.), and 4CzIPN (0.1 mol%, 0.0002 mmol, 0.001 equiv.). DMA (0.4 mL) 

was used as a solvent. The reaction mixture was irradiated under N2 at 80 C for 24h using a 

single blue LED (455 (± 15) nm). After completion, the reaction mixture was subjected to the 

workup procedure outlined in general procedure II’ and purified using flash chromatography on 

silica gel using petroleum ether/ethyl acetate. Yield: 67%. 1H NMR (CDCl3, 400 MHz): 8.51-

8.44 (1H, m), 8.34 (1H, d, J = 1.9 Hz), 7.84 (2H, d, J = 8.0 Hz), 7.60-7.52 (1H, m), 7.39-7.33 

(3H, m), 7.33-7.27 (2H, m), 7.15 (2H, d, J = 8.0 Hz), 7.09-6.96 (2H, m), 6.57 (1H, br s), 3.06 

(3H, s), 2.51 (3H, s). 13C NMR (CDCl3, 100 MHz): 156.75, 149.01, 145.37, 144.69, 141.04, 

139.88, 139.68, 138.98, 137.93, 134.76, 132.67, 130.47, 129.75, 127.79, 124.08, 123.10, 122.97, 

119.39, 44.60, 23.75. HRMS: calculated for [M+H]+ C24H22N3O2S+ 416,1427; found 

416,1431. 

 

ethyl 4-(8-(phenylamino)-5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-

b]pyridin-11-ylidene)piperidine-1-carboxylate (P220): The compound 

was prepared following the general procedure II’, using loratadine (76.6 

mg, 0.2 mmol, 1.0 equiv.), aniline (37.2 mg, 0.4 mmol, 2.0 equiv.), 1,4-

diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 2.2 equiv.), triethylamine (5.05 mg, 0.25 mmol, 

0.25 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.1 mol%, 0.0002 

mmol, 0.001 equiv.). The 4CzIPN photocatalyst was added in 5 portions every 10 hours). DMA 

(0.4 mL) was used as a solvent. The reaction mixture was irradiated under N2 at 80 C for 48h 

using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was subjected 

to the workup procedure outlined in general procedure II’ and purified using flash 

chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 86%. 1H NMR (d6-

acetone, 300 MHz): 8.37 (1H, dd, J = 4.8, 1.4 Hz), 7.46 (1H, dd, J = 7.6, 1.1 Hz), 7.27-7.17 (2H, 

m), 7.15-7.07 (2H, m), 7.02 (2H, d, J = 8.0 Hz), 6.96-6.75 (3H, m), 5.83 (1H, br s), 4.12 (2H, q, 

J = 7.1 Hz), 4.00-3.66 (3H, m), 3.42-3.25 (2H, m), 3.21-3.04 (2H, m), 2.90-2.67 (2H, m), 2.65-

2.58 (2H, m), 2.54-2.21 (4H, m). 13C NMR (d6-acetone, 75 MHz): 157.91, 155.59, 145.95, 

142.91, 142.64, 138.56, 137.80, 136.83, 134.37, 134.13, 131.24, 130.61, 129.38, 122.23, 121.10, 

118.12, 117.75, 115.22, 69.59, 61.36, 53.88, 44.94, 44.83, 32.19, 31.82, 31.57, 29.33, 14.76. 

HRMS: calculated for [M+H]+ C28H30N3O2

+
 440.2333; found 440.2336. 
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N-(4-(5-hydroxy-7-(phenylamino)-2,3,4,5-tetrahydro-1H-benzo-

[b]azepine-1-carbonyl)-3-methylphenyl)-2-methylbenzamide (P221): 

The compound was prepared following the general procedure II’, using 

tolvaptan (89.8 mg, 0.2 mmol, 1.0 equiv.), aniline (37.2 mg, 0.4 mmol, 

2.0 equiv.), 1,4-diazabicyclo[2.2.2]octane (49.3 mg, 0.44 mmol, 2.2 

equiv.), triethylamine (5.05 mg, 0.25 mmol, 0.25 equiv.), NiBr2glyme (6.4 mg, 0.02 mmol, 0.1 

equiv.), and 4CzIPN (0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA (0.4 mL) was used as a 

solvent. The reaction mixture was irradiated under N2 at 80 C for 48h using a single blue LED 

(455 (± 15) nm). After completion, the reaction mixture was subjected to the workup procedure 

outlined in general procedure II’ and purified using flash chromatography on silica gel using 

petroleum ether/ethyl acetate. Yield: 60%. 1H NMR (d6-acetone, 300 MHz): 9.59-9.09 (1H, m), 

7.85-6.50 (15H, m), 5.46-4.71 (2H, m), 4.71-4.30 (1H, m), 4.10-3.14 (1H, m), 2.81-2.66 (1H, m), 

2.64-2.33 (6H, m), 2.32-2.16 (1H, m), 1.89-1.56 (2H, m). 13C NMR (d6-acetone, 75 MHz): 

169.58, 168.70, 144.43, 144.28, 143.50, 140.22, 138.02, 137.19, 136.77, 133.64, 133.30, 131.50, 

130.56, 129.93, 129.15, 127.90, 127.61, 126.39, 121.64, 121.10, 118.34, 116.56, 115.46, 113.69, 

71.44, 47.11, 37.17, 27.08, 20.18, 19.76. 

 

ethyl 4-(8-(1H-benzo[d]imidazol-1-yl)-5,6-dihydro-11H-benzo-

[5,6]cyclohepta[1,2-b]pyridin-11-ylidene)piperidine-1-carboxylate 

(P228): The compound was prepared following slightly modified general 

procedure IV, using loratadine (76.6 mg, 0.2 mmol, 1.0 equiv.), 

benzimidazole (70.8 mg, 0.6 mmol, 3.0 equiv.), 1,1,3,3-tetramethylguanidine (27.6 mg, 0.24 

mmol, 1.2 equiv.), tributylamine (12.2 mg, 0.066 mmol, 0.33 equiv.), NiBr2glyme (3.2 mg, 0.01 

mmol, 0.05 equiv.), and 4CzIPN (0.2 mol%, 0.0004 mmol, 0.0025 equiv.). DMA (0.4 mL) was 

used as solvent. The reaction mixture was irradiated under N2 at 80 C for 48h using a single blue 

LED (455 (± 15) nm). After completion, the reaction mixture was subjected to the workup 

procedure outlined in general procedure IV and purified using flash chromatography on silica gel 

using petroleum ether/ethyl acetate. Yield: 21%. 1H NMR (CDCl3, 300 MHz): 8.41 (1H, dd, J = 

4.8, 1.4 Hz), 8.33 (1H, s), 7.79-7.70 (1H, m), 7.68-7.57 (2H, m), 7.54 (1H, d, J = 2.1 Hz), 7.49 

(1H, dd, J = 8.1, 2.1 Hz), 7.40 (1H, d, J = 8.1 Hz), 7.34-7.26 (2H, m), 7.20 (1H, dd, J = 7.7, 4.8 

Hz), 4.10 (2H, q, J = 7.1 Hz), 3.80-3.67 (2H, m), 3.63-3.41 (2H, m), 3.41-3.24 (2H, m), 3.07-2.93 

(2H, m), 2.53-2.39 (2H, m), 2.38-2.19 (2H, m), 1.22 (3H, t, J = 7.1 Hz). 13C NMR (CDCl3, 75 

MHz): 158.39, 155.74, 147.44, 145.40, 143.53, 141.14, 139.88, 138.16, 137.93, 136.41, 135.25, 

134.50, 134.47, 131.66, 125.30, 124.16, 123.18, 121.18, 121.96, 121.05, 111.51, 61.55, 45.69, 

45.56, 32.48, 31.96, 31.59, 31.39, 15.02. HRMS: calculated for [M+H]+ C29H29N4O2

+
 465.2285; 

found 465.2290. 
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N-(4-methylpyridin-2-yl)thiazol-2-amine (P240): The compound was prepared 

following the general procedure III, using 2-bromothiazole (32.8 mg, 0.2 mmol, 1.0 

equiv.), 4-methylpyridin-2-amine (32.4 mg, 0.3 mmol, 1.5 equiv.), cyclohexylamine 

(25.7 mg, 0.26 mmol, 1.3 equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN 

(0.5 mol%, 0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction 

mixture was irradiated under N2 at 25 C for 19h using a single blue LED (455 (± 15) nm). After 

completion, the reaction mixture was subjected to the workup procedure outlined in general 

procedure III and purified using flash chromatography on silica gel using DCM/MeOH. Yield: 

79%. 1H NMR (d6-acetone, 300 MHz): 10.65 (1H, br s), 8.19 (1H, d, J = 5.2 Hz), 7.41 (1H, d, J 

= 3.6 Hz), 6.97 (1H, s), 6.93 (1H, d, J = 3.6 Hz), 6.78 (1H, d, J = 5.2 Hz), 2.33 (3H, s). 13C NMR 

(d6-acetone, 75 MHz): 161.56, 153.17, 149.79, 147.14, 138.04, 118.31, 111.63, 111.31, 21.09. 

HRMS: calculated for [M]+ C9H9N3S
+
 191.0512; found 191.0506. 

 

ethyl 4-(3-(tert-butoxycarbonyl)guanidino)benzoate (P250): The compound 

was prepared following the general procedure I, using ethyl 4-bromobenzoate 

(45.8 mg, 0.2 mmol, 1.0 equiv.), N-boc-guanidine (79.5 mg, 0.5 mmol, 2.5 

equiv.), NiBr2glyme (3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.5 mol%, 

0.001 mmol, 0.005 equiv.). DMA (0.4 mL) was used as a solvent. The reaction mixture was 

irradiated under N2 at 25 C for 30h using a single blue LED (455 (± 15) nm). After completion, 

the reaction mixture was subjected to the workup procedure outlined in general procedure I and 

purified using flash chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 84%. 
1H NMR (CDCl3, 300 MHz): 7.99 (2H, d, J = 8.5 Hz), 7.10 (2H, d, J = 8.5 Hz), 6.96 (3H, br s), 

4.33 (2H, q, J = 7.1 Hz), 1.36 (3H, t, J = 7.1 Hz), 1.28 (9H, s). 13C NMR (CDCl3, 75 MHz): 

166.40, 142.09, 131.28, 123.52, 81.03, 60.91, 28.06, 14.43. HRMS: calculated for [M+H]+ 

C15H22N3O4

+
 308.1605; found 308.1607. 

 

methyl (4-(ethylthio)phenyl)carbamate (P262): The compound was prepared 

following the general procedure I using 1,4-dibromobenzene (47.2 mg, 0.2 mmol, 1.0 

equiv.), ethyl mercaptan (13.7 mg, 0.22 mmol, 1.1 equiv.), NiBr2glyme (3.2 mg, 0.01 

mmol, 0.05 equiv.), and 4CzIPN (0.2 mol%, 0.0004 mmol, 0.002 equiv.). DMA (0.4 

mL) was used as a solvent. The reaction mixture was irradiated under N2 for at 25 C for 2h using 

a single blue LED (455 (± 15) nm). After irradiation, the reaction mixture was degassed properly 

to remove the traces of the thiol. Sodium cyanate (19.5 mg, 0.3 mmol, 1.5 equiv.), methanol (40 

mL, 1.0 mmol, 5.0 equiv.) and 1,4-diazabicyclo[2.2.2]octane (29.1 mg, 0.26 mmol, 1.3 equiv.) 
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were added to the reaction mixture and after degassing was irradiated under N2 for at 60 C for 

12h using a single blue LED (455 (± 15) nm). After completion, the reaction mixture was 

subjected to the workup procedure outlined in general procedure I and purified using flash 

chromatography on silica gel using petroleum ether/ethyl acetate. Yield: 49%. 1H NMR (CDCl3, 

400 MHz): 7.31 (2H, J = 9.0 Hz), 7.28 (2H, J = 9.0 Hz), 6.95 (1H, br s), 3.75 (3H, s), 2.86 (2H, 

q, J = 7.4 Hz), 1.25 (3H, t, J = 7.4 Hz). 13C NMR (CDCl3, 100 MHz): 154.19, 136.54, 131.25, 

130.36, 119.37, 52.43, 28.86, 14.53. HRMS: calculated for [M]+ C10H13NO2S+ 211,0662; 

found 211,0660. 

 

N-(4'-chloro-[1,1'-biphenyl]-2-yl)-2-(phenylamino)nicotinamide (P267): The 

compound was prepared following the general procedure III, using boscalid (68.6 

mg, 0.2 mmol, 1.0 equiv.), aniline (27.9 mg, 0.30 mmol, 1.5 equiv.), NiBr2glyme 

(3.2 mg, 0.01 mmol, 0.05 equiv.), and 4CzIPN (0.1 mol%, 0.0002 mmol, 0.001 

equiv.), and cyclohexylamine (25.7 mg, 0.26 mmol, 1.3 equiv.). DMA (0.4 mL) was used as a 

solvent. The reaction mixture was irradiated under N2 at 60 C for 24h using a single blue LED 

(455 (± 15) nm). After completion, the reaction mixture was subjected to the workup procedure 

outlined in general procedure III and purified using flash chromatography on silica gel using 

petroleum ether/ethyl acetate. Yield: 85%. 1H NMR (d6-acetone, 300 MHz): 10.35 (1H, br s), 

8.31 (1H, dd, J = 4.8, 1.8 Hz), 8.23 (1H, d, J = 7.8 Hz), 7.75 (1H, br s), 7.71-7.64 (2H, m), 7.51-

7.43 (3H, m), 7.41-7.24 (7H, m), 7.08-6.99 (1H, m), 6.63 (1H, dd, J = 7.8, 4.8 Hz). 13C NMR (d6-

acetone, 75 MHz): 166.43, 155.68, 152.06, 139.88, 136.50, 135.16, 134.52, 134.14, 132.52, 

130.70, 130.39, 129.55, 128.99, 128.91, 125.56, 122.91, 122.78, 120.75, 113.19, 110.90. HRMS: 

calculated for [M+H]+ C24H19ClN3O
+
 400.1211; found 400.1216. 
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7 Summary 

This dissertation discusses the development and investigation of new reactivities in organic 

chemistry. The work aims to bridge photoredox catalysis and organic electrochemistry. Both 

systems can provide extreme redox potentials and are therefore suitable for challenging 

activations in organic chemistry.  

Chapter 1 reviews recent work on synthetic photoelectrochemistry (PEC). Electrochemically 

mediated photoredox catalysis (e-PRC) demonstrates selective reductive and oxidative activation 

of strong bonds. We give an overview of the most important classes of radical ion/ radical pre-

catalysts, their properties and applications. New achievements in C(sp2/ sp3)-N, C-O bond 

formations and C(sp2)-X, C(sp3)-O cleavages are discussed in detail. We show the advantages of 

electro-recycling of photocatalysts and present examples from C(sp2)-H trifluoromethylation, 

C(sp2)-C(sp3) coupling and C(sp2)-O/N bond forming reactions. The electro-recycling of 

common and newly developed HAT catalysts is demonstrated on C(sp2)-C(sp3) and C(sp3)-N 

couplings, expanding PEC beyond previous applications. In addition to promising approaches to 

scale-up by recirculation or continuous flow, we also present new reactor platforms that feature 

reproducibility, excellent control of reaction variables and high throughput. 

Since PEC requires similar equipment to SOE, both systems are constrained by limited access to 

electrochemical equipment. To solve this problem, we offer an alternative to commercial voltage 

sources (Chapter 2). An induction-based device recovers part of the rotational energy from 

magnetic stirrers, which is then available for synthetic electrochemistry. After rectification, the 

induced AC voltage was employable in constant current (c.c) or constant voltage (c.v) mode. In 

a comparative study with conventional devices on six different functionalizations including C-

CF3, C-Me, C-CO2Me, C(sp2)-C(sp3), Si-O and C-N bond formation, the applicability of the 

device was demonstrated without significant deviations. 

Despite the freely selectable voltage, electrochemistry is not the universal solution for extreme 

redox potentials. Selectivity problems that occur when several molecules/bonds have a similar 

redox potential can be circumvented with e-PRC. In chapter 3, we used a modified naphthalene 

diimide derivative (nBuO-NpMI) in e-PRC for reductive cleavage of C(sp3)-O bonds. Under 

exceedingly mild conditions, phosphinates of aliphatic alcohols were reduced to carbanions, 

while halides/pseudohalides with similar or more accessible redox potentials remained 

untouched. The presence of a α-C(sp2)-X bond allows for E-selective olefination, which can be 

converted to Z-selectivity via a tandem reduction/photosensitization process. This 

photoisomerization occurs via energy transfer from the catalyst's lower-lying, longer-lived, 

excited state. The reduction of the phosphinates occurs from a different excited state (Dn/n+1). 

Based on calculations, it was shown that the electron density of the active catalyst is transferred 
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from the naphthalene to the N-aniline unit. The necessary spatial proximity between the catalyst 

and substrate makes the system highly selective despite the extreme redox potential.  

To achieve a high redox potential for oxidative processes, we employed a catalyst that combines 

e-PRC and homogeneous photoredox catalysis. By accumulating the energy of more than one 

photon, consecutive photoinduced electron transfer (conPET) has proven to be a useful tool for 

expanding the accessible redox potential. We contribute to this field by the development of an 

oxidative conPET system based on cyclic planar triarylamines (Chapter 4). As demonstrated by 

the oxidative coupling of electron-deficient halobenzenes with pyrazoles and purines, this system 

provides an oxidation power of > +3 V (vs. SCE). The feasibility of photoelectrocatalysis and the 

applicability of the catalysts for nucleophilic C-F substitution (SNAr) extends the possible 

applications. In contrast to other reports, we observed neither reactivity from higher excited states 

nor pre-organization of catalyst and substrate. We also have spectroscopic evidence for 

productive reactivity from the lowest excited state of Ar3N•+. By limiting the rotational relaxation 

of the Ar3N•+, ridged systems were found to be more catalytically active than open systems.  

In order to generate extreme redox potentials by means of heterogeneous photocatalysis, a 

semiconductor material with a suitable band structure is required. Diamond semiconductors have 

a unique negative electron affinity and high p-type surface conductivity, which is why the material 

has many applications in electrochemistry. How these properties can be harnessed for 

heterogeneous photocatalysis was investigated in chapter 5. Excitation of hydrogen-terminated 

detonation nanodiamonds (DND-H) at 395 nm releases a reduction potential of -3 V, which has 

been successfully used in the hydrodehalogenation of electron-rich aryl halides. While esters and 

acids are tolerated, ketones and aldehydes undergo Pinacol-type coupling reactions. Suggesting a 

radical mechanism, detailed studies including deuteration experiments, radical trapping and the 

use of an acid-terminated catalyst confirmed this hypothesis, excluding the involvement of 

solvated electrons or HAT. Reusability and low manufacturing costs make the material suitable 

for the detoxification of dioxins, pesticides, and PCBs.  

Finally, to emphasize the importance of photoredox catalysis, an example of its applicability in 

the synthesis of valuable compounds is given. We introduce adaptive dynamic homogeneous 

catalysis (AD-HoC) for photoredox nickel co-catalytic C(sp2)–(het)atom coupling reactions. In 

contrast to previous reports, this platform allows the prediction of conditions for C(sp2)–S, Se, N, 

P, B, O, C (sp3, sp2, sp), Si and Cl reactions and makes extensive optimization obsolete. 

Classification of nucleophiles regarding their ability to coordinate with nickel allowed us to define 

simple standard conditions which can be adjusted for each group by adding an amine base. Mass 

spectroscopic investigations revealed a dynamic Ni(I)/Ni(III) equilibrium involving more than 

one catalytically competent species. We propose that under photocatalytic conditions Ni(II) 

species are reduced to Ni(I) complexes, allowing for the oxidative addition of (het)aryl halides. 
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The resulting Ni(III) species then undergoes reductive elimination to yield the cross–coupling 

product. This method serves as a universal solution, demonstrated in hundreds of examples, 

including FDA-approved drugs. The simple scalability and the possibility to create rapid 

complexity via bi-functionalization reactions are additional benefits. The general classification of 

nucleophiles and the amount of created data can be a starting point for artificial intelligence and 

machine learning processes in cross–coupling reactions. 

In our research for the development of new catalytic systems with extreme redox potentials, we 

have observed new reactivities in photo- and photoelectrocatalysis. The DND-H material, the 

presented triarylamine conPET system, and our nBuONpMI e-PRC system all exhibit extreme 

redox strength. Extensive mechanistic studies explain the selectivity despite the high potential 

and synthetic examples demonstrate their applicability. Additional examples of electrochemistry 

and photo-nickel co-catalysis underline the importance of photo- and electrochemical processes 

in organic synthesis.  
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8 Zusammenfassung 

Diese Dissertation befasst sich mit der Entwicklung und Untersuchung von katalytischen 

Systemen in der organischen Chemie. Die Arbeit zielt darauf ab, eine Brücke zwischen der 

Photoredoxkatalyse und der organischen Elektrochemie zu schlagen. Beide Systeme können 

extreme Redoxpotentiale zur Verfügung stellen und eigenen sich damit für die Realisierung 

anspruchsvoller Aufgabenstellungen. Es werden daher Verfahren der Photo– und 

Photoelektrokatalyse vorgestellt, die sich durch eben solche Redoxpotentiale auszeichnen.  

Kapitel 1 gibt einen Überblick über die jüngsten Arbeiten zur synthetischen Photoelektrochemie 

(PEC). Die elektrochemisch vermittelte Photoredoxkatalyse (e-PRC) erlaubt eine selektive 

Aktivierung starker Bindungen, sowohl reduktiv als auch oxidativ. Wir geben hier einen 

Überblick über die wichtigsten Klassen von Radikalionen/Radikal Katalysatoren, ihre 

Eigenschaften und Anwendungen. Neue Ergebnisse bei der Bildung von C(sp2/sp3)-N und C-O-

Bindungen sowie bei der Spaltung von C(sp2)-X und C(sp3)-O Bindungen werden ausführlich 

diskutiert. Wir erläutern die Vorteile des Elektro-Recyclings von Photokatalysatoren und 

präsentieren Beispiele von C(sp2)-H Trifluormethylierung, C(sp2)-C(sp3)- und C(sp2)-O/N 

Kupplungen. Das Elektro-Recycling gängiger und neu entwickelter HAT-Katalysatoren wird 

anhand von C(sp2)-C(sp3)- und C(sp3)-N Kupplungen demonstriert. Neben vielversprechenden 

Ansätzen zur Steigerung des Reaktionsdurchsatzes in kontinuierlichen Prozessen stellen wir auch 

gänzlich neue Reaktorplattformen vor.  

Da für PEC und SOE identische Labornetzgeräte benötigt werden, ist ein einfacher Zugang zu 

geeigneten Spannungsquellen wünschenswert. Um diesen zu erleichtern, zeigen wir in Kapitel 2 

eine Alternative zu kommerziellen Netzgeräten für den Einsatz im Syntheselabor. Hierfür wurde 

ein Gerät entwickelt, das durch Induktion einen Teil der Rotationsenergie von Magnetrührern 

zurückgewinnt und diese dann für die synthetische Elektrochemie zur Verfügung stellt. Nach 

Gleichrichtung kann die induzierte Wechselspannung im galvanostatischen (c.c.) oder 

potentiostatischen (c.v.) Betrieb genutzt werden. Eine Vergleichsstudie zwischen konventionellen 

Spannungsquellen und diesem Gerät zeigt keine signifikanten Abweichungen der Ausbeuten. 

Untersucht wurden sechs verschiedene Funktionalisierungen organischer Moleküle, darunter C-

CF3, C-Me, C-CO2Me, C(sp2)-C(sp3), Si-O und C-N-Bindungsknüpfungen. Die Anwendung in 

der organischen Elektrosynthese des Geräts wurde damit bewiesen. 

Trotz der frei wählbaren Spannung ist die Elektrochemie nicht die Universallösung für extreme 

Redoxpotentiale. Auftretende Selektivitätsprobleme bei Molekülen und Bindungen mit ähnlichen 

Redoxpotentialen lassen sich mit der e-PRC umgehen. In Kapitel 3 kommt ein modifiziertes 

Naphthalin-Diimid-Derivat (nBuO-NpMI) für die reduktive Spaltung von C(sp3)-O Bindungen 

mittels Photoelektrokatalyse zum Einsatz. Unter äußerst milden Bedingungen wurden 
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Phosphinate aliphatischer Alkohole zu Carbanionen reduziert, während Halogenide und 

Pseudohalogenide mit ähnlichen oder weniger negativen Redoxpotentialen nicht reagierten. Das 

Vorhandensein einer C(sp2)-X Bindung in α-Position ermöglicht eine E-selektive Olefinierung, 

die über einen Reduktions-/Photosensibilisierungsprozess in eine Z-Selektivität umgewandelt 

werden kann. Diese E/Z-Isomerisierung erfolgt durch Energieübertragung aus einem tief 

liegenden, langlebigen, angeregten Zustand des Katalysators. Die Reduktion der Phosphinate 

erfolgt aus einem anderen angeregten Zustand (Dn/n+1). Anhand von Berechnungen konnte gezeigt 

werden, dass die Elektronendichte des aktiven Katalysators vom Naphthalin auf die N-

Anilineinheit übertragen wird. Die notwendige räumliche Nähe zwischen Katalysator und 

Substrat macht das System, trotz des extremen Redoxpotentials, sehr selektiv.  

Um hohe Redoxpotentiale für oxidative Prozesse zu realisieren, wurde auf einen Katalysator 

übergegangen, der sich sowohl für die e-PRC als auch die homogene Photokatalyse eignet. Durch 

die Akkumulation der Energie von mehr als einem Photon hat sich der konsekutive 

photoinduzierte Elektronentransfer (conPET) als nützliches Instrument zur Erweiterung des 

zugänglichen Redoxpotentials erwiesen. In Kapitel 4 werden hierfür zyklische planare 

Triarylamine eingesetzt. An der oxidativen Kupplung von elektronenarmen Arylhalogeniden mit 

Pyrazolen und Purinen gezeigt, bietet dieses System eine Oxidationskraft von > +3 V (vs. SCE). 

Die Katalysatoren lassen sich zudem auch zur nukleophilen C-F-Substitution (SNAr) von 

Fluorbenzolen einsetzten. Im Gegensatz zu früheren Arbeiten beobachten wir weder eine 

Reaktivität aus höher liegenden angeregten Zuständen noch eine Vororientierung von Katalysator 

und Substrat zueinander. Wir fanden außerdem spektroskopischen Nachweis für produktive 

Reaktivität aus dem niedrigsten angeregten Zustand des Ar3N•+. Durch die Einschränkung der 

Rotation der Arylgruppen wird eine thermische Relaxation des angeregten Ar3N•+ gehemmt. 

Infolgedessen erwiesen sich geschlossene Systeme katalytisch aktiver als offene. 

Als neue Katalysatoren für extreme Redoxpotentiale in der heterogenen Photoredoxkatalyse 

wurden Diamant-Materialien ausgewählt. Diamant-Halbleiter haben eine einzigartig negative 

Elektronenaffinität und einen hohen p-Typ-Charakter, weshalb das Material zahlreiche 

Anwendungen in der Elektrochemie findet. Wie diese Eigenschaften photokatalytisch nutzbar 

gemacht werden können, wurde in Kapitel 5 untersucht. Die Anregung von 

Detonationsnanodiamanten, deren Oberfläche mit Wasserstoff funktionalisiert wurde (DND-H), 

bei 395 nm, setzt ein Reduktionspotential von -3 V frei. Elektronenreiche Arylhalogenide ließen 

sich in einer Suspension von DND-H in Acetonitril damit erfolgreich hydrodehalogenieren. 

Während Ester- und Säurefunktionalitäten toleriert werden, kommt es bei Ketonen und 

Aldehyden zu Pinakol-Kopplungsreaktionen. Detaillierte Untersuchungen, darunter 

Deuterierungsexperimente und das Abfangen von Intermediaten, bestätigten die Hypothese eines 

radikalischen Mechanismus. Eine Beteiligung solvatisierter Elektronen oder ein 

Wasserstoffatomtransfer kann somit ausgeschlossen werden. Die Anwendung im katalytischen 
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Abbau von Dioxinen, Pestiziden und PCBs ist durch die Wiederverwendbarkeit und den niedrigen 

Preis des Materials denkbar. 

Um die Bedeutung der Photoredoxkatalyse insgesamt zu verdeutlichen, zeigt das letzte Kapitel 

eine Anwendung zur Synthese komplexer Moleküle. Wir stellen die adaptive, dynamische, 

homogene Katalyse (AD-HoC) für Photo/Nickel-Kupplungsreaktionen vor. Im Gegensatz zu 

bisherigen Herangehensweisen bietet dieses System eine Plattform, von der aus Vorhersagen zu 

Reaktionsbedingungen für C(sp2)-S-, Se-, N-, P-, B-, O-, C- (sp3, sp2, sp), Si- und Cl-Reaktionen 

getroffen werden können. Eine umfangreiche Optimierung wird damit überflüssig. Die 

Klassifizierung der Nukleophile hinsichtlich ihrer Fähigkeit, mit Nickel zu koordinieren, 

ermöglichte es uns, einfache Standardbedingungen zu definieren, die für jede Gruppe durch 

Zugabe einer Aminbase angepasst werden können. Diese Methode ist daher eine universelle 

Lösung die an hunderten von Beispielen, darunter auch von der FDA zugelassene Arzneimittel, 

nachgewiesen wurde. Die einfache Skalierbarkeit und die Möglichkeit in Reaktionskaskaden 

schnell komplexe Verbindungen zu erzeugen, sind weitere Vorteile. Die allgemeine 

Klassifizierung von Nukleophilen und die hierbei erzeugten Daten können zudem ein 

Ausgangspunkt für künstliche Intelligenz und maschinelle Lernprozesse bei 

Kreuzkupplungsreaktionen sein. 

Abschließend lässt sich zusammenfassen, dass unseren Untersuchungen zu katalytischen 

Systemen mit extremen Redoxpotentialen neue Reaktivitäten der Photo- und 

Photoelektrokatalyse offengelegt haben. Mit DND-Materialien als heterogene 

Photoredoxkatalysatoren und zyklischen Triarylaminen als homogene Photoredoxkatalysatoren 

sowie NpMI-Derivaten als Vertreter der Photoelektrokatalyse wurden drei neue katalytische 

Systeme mit besonders hohem Redoxpotential vorgestellt. Zusätzliche Beispiele aus 

Elektrochemie und Photokatalyse unterstreichen die Bedeutung von photo- und 

elektrochemischen Prozessen in der organischen Synthese.  
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9 Appendix 

 Abbreviations 

 

4-CzIPN 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

4-DPAIPN 1,3-dicyano-2,4,5,6-tetrakis(diphenylamino)-benzene 

a.u. arbitrary unit 

AC alternating current 

ACN acetonitrile 

AD-HoC adaptive dynamic homogeneous catalysis 

An anthracene 

BDE bond dissociation enthalpy 

BDFE bond dissociation-free energies 

BHT butylated hydroxytoluene 

BPI benzo[ghi]perylenemonoamide 

Bpin bis(pinacolato)diboron 

bpy 2,2’-bipyridine 

c.c. constant current 

c.v. constant voltage 

Cat catalyst 

CB conducting band 

CFL compact fluorescent lamp 

conPET consecutive photoinduced electron transfer 

CV cyclic voltammetry 

DABCO 1,4-diazabicyclo [2.2.2]octane 

DADS decay associated difference spectra 

DBP diiodobis(difluoroboron)-1,2-bis((1H-pyrrol-2-

yl)methylene)hydrazine 

DBU 1,8-diazabicyclo[5.4.0]undec-7-en 
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DC direct current 

DCA 9,10-dicyanoanthracene, 9,10-dicyanoanthracene 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DFT density functional theory 

DIPEA N, N-diisopropylethylamine 

DMA N, N-dimethylacetamide 

dmb 4,4’-dimethyl-2,2’-bipyridine 

DMF N, N-dimethylformamide 

DMSO dimethyl sulfoxide 

DND detonation nanodiamond 

DND-COOH acid terminated nanodiamond 

DND-H hydrogen-terminated detonation nanodiamond 

DPA 9,10-diphenyl anthracene 

EDA electron donor-acceptor 

EH energy harvesting 

EPR electron paramagnetic resonance 

e-PRC electrochemically-mediated photoredox catalysis 

Fc ferrocene 

FID flame ionization detector 

GC gas chromatography 

glyme ethylene glycol dimethyl ether complex 

HAT hydrogen atom transfer 

HMDSO hexamethyl disiloxane 

HP high power 

HPLC high-performance liquid chromatography 

HRMS high-resolution molecular spectroscopy 

IC internal conversion 

IET intermolecular vibronic energy transfer, intermolecular vibronic 

energy transfer 

IR infrared 
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IVR intramolecular vibrational energy redistribution 

LED light-emitting diode 

LMCT ligand-to-metal charge transfer 

MCRI multireference configuration interaction 

MeOH methanol 

Mes-Acr 9-mesityl-10-methyl acridinium 

MTBD 7-methyl-1,5,7- triazabicyclo(4.4.0)dec-5-ene 

NBS N-bromosuccinimide 

NCS N-chlorosuccinimide 

ND neutral-density 

NDI naphthalene diimide 

NEt3 triethylamine 

NHPI N-hydroxy phthalimide 

NMR nuclear magnetic resonance 

NpMI N-(2,6-di-iso-propylphenyl)naphthalene monoimide 

PAT process analytical technologies 

PC photocatalyst 

PCB polychlorinated biphenyl 

PDI perylene diimides 

PE petroleum ether 

PEC photoelectrochemistry 

PRC photoredox catalysis 

Prod product 

PS photosensitizer, power supply 

PTZ phenothiazine 

RE reference electrode 

Rh6G rhodamine 6G 

rpm rounds per minute 

RVC reticulated vitreous carbon 
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SAS species-associated spectra 

SCE saturated calomel electrode 

SET single electron transfer 

SnAr nucleophilic aromatic substitution 

SOE synthetic organic electrochemistry 

Sub substrate 

SVD singular value decomposition 

TAC trisaminocyclopropenium 

TBADT tetra-n-butylammonium decatungstate 

TBAP tetrabutylammonium hexafluorophosphate 

TCSPC time-correlated single photon counting 

TEMPO 2,2,6,6-tetramethylpiperidinyloxyl 

TFE trifluoroethanol 

TLC thin-layer chromatography 

TMG 1,3,3-tetramethylguanidine 

TPA tri(p-substituted)arylamine 

TPPD tetraphenyl-para-phenylenediamine 

TPTNP tetraphenyltetranaphtho [2,3] porphyrin 

TTA triplet-triplet annihilation 

TTBP tetratertbutylperylene 

TTET triplet-triplet energy transfer 

UV ultra violet 

VB valence band 

Vis visible spectrum 

WE working electrode 

ZPVE zero-point vibrational energy 
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