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Fig. 2 | The alkene–aldehyde coupling reaction. a, Selected optimization data for the development of the alkene–aldehyde coupling reaction. b, Reaction scope. 
General conditions: alkene (0.1 mmol, 1.0 equiv.), 3tBuCzFIPN (2 mol%), iPr2EtN (1.2 equiv.), DMA (0.05 M in substrate), room temperature for 24 h, 14 W blue LEDs 
(448 nm). Isolated yields. Cat., catalyst; d.r., diastereomeric ratio.



Nature Catalysis

Article https://doi.org/10.1038/s41929-024-01237-x

ground and excited state were first evaluated with cyclic voltammetry 
and UV-visible spectroscopy. The ground E1/2(PCn/PC⋅−) = −1.21 V versus 
SCE and excited state reduction potential (E(PC*/PC⋅+) = −1.12 V versus 
SCE) (where PC is the photocatalyst) were found to be insufficient 

to promote single-electron reduction of 1,1-diphenylethylene 1a 
(Ep/2 = −2.38 V versus SCE) or propionaldehyde 2a (Ep/2 = −2.45 V versus 
SCE) (Supplementary Fig. 6). Steady-state luminescence quenching 
experiments confirmed an absence of photocatalyst phosphorescence 
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Fig. 3 | Mechanistic investigation. a, Control experiment showing the direct 
reduction of an aldehyde using 3tBuCzFIPN as the catalyst. b, Control experiment 
showing competition with the 5-exo-trig cyclization using 3tBuCzFIPN as the 
catalyst. c, Quenching of [3tBuCzFIPN]* emission by 1,1-diphenylethylene 1a and 
iPr2NEt, 4. d, Emission from [3tBuCzFIPN]* and the spectroscopic evidence for 
photodegradation under irradiation with blue light in the presence of iPr2NEt. 
e, Calculated reaction profiles (in kcal mol–1, 298.15 K) at the wB97XD/ma-
def2TZVP//wB97XD/6-31G(d) level of theory using a universal solvation model 
to model the dimethylacetamide solvent environment (see Supplementary 

information for further details). The redox potential of the excited radical 
anion was calculated at the wB97XD/ma-def2TZVP//wB97XD/6-31G(d) level 
of theory using a universal solvation model to model the dimethylacetamide 
solvent environment (see Supplementary Table 8 for further details). Cyclic 
voltammograms of 1,1-diphenylethylene and propanal were measured in 
degassed acetonitrile (with Bu4NPF6 as the supporting electrolyte) at a scan 
rate of 0.1 V s−1 and reported relative to SCE using a Fe+/0 couple as an internal 
standard (see Supplementary Fig. 7 for further details). OSET, outer sphere 
electron transfer; TS, transition state; hν, visible light.
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quenching in the presence of 1,1-diphenylethylene 1a or propionalde-
hyde 2a, excluding direct electron or energy transfer from the excited 
state (Fig. 3c). Conversely, phosphorescence intensity from triplet 
excited photocatalyst 3tBuCzFIPN was quenched in the presence of 
iPr2EtN 4, confirming generation of the catalyst radical anion, [3tBuC-
zFIPN]⋅−, (PC⋅−), under experimental conditions. Furthermore, consist-
ent with previous studies25, we observed facile bleaching of PC⋅− in the 
presence of iPr2EtN 4 and blue light, with a concomitant hypsochromic 
shift of emission from 577 to 450 nm (Fig. 3d). The photodegraded 
product was identified as 3,6-di-tert-butylcarbazole 8 (Fig. 3c and 
Supplementary Fig. 9); however, control experiments revealed that 
8 was not an effective photocatalyst for alkene–aldehyde coupling, 
generating less than 14% yield of the product and resulting in extensive 
decomposition of the alkene (Supplementary Fig. 10). The photodegra-
dation was markedly impeded in the presence of 1,1-diphenylethylene 
1a, providing further evidence that 8 was not the active catalytic spe-
cies (Supplementary Fig. 11). To gain further insight into the catalytic 
cycle and the observed chemoselectivity, properties of the putative 
(PC⋅−)* were evaluated by density functional theory (DFT) calculations 
(Supplementary Figs. 30–34). The excited state oxidation potential of 
(PC⋅−)* was estimated to be −2.25 V versus SCE, which corresponds to 
the D1 state (Fig. 3e). Calculated outer-sphere electron transfer bar-
riers for the single-electron reduction of each substrate 1a and 2a by 
the (PC⋅−)* revealed that the Marcus barrier for the outer-sphere elec-
tron transfer for propionaldehyde 2a is 10.1 kcal mol−1 greater than 
1,1-diphenylethylene 1a (Fig. 3e). This implies a favourable kinetic 
contribution for single-electron transfer to an aromatic alkene over 
the aldehyde, despite closely matching reduction potentials (Supple-
mentary Fig. 7). Taking the above results together, it is plausible that 
the radical anion Int-1 derived from 1,1-diphenylethylene 1a undergoes 
carbanionic nucleophilic addition to an aldehyde (ΔG‡ = 11.9 kcal mol−1, 
ΔG = 5.4 kcal mol−1) to generate a distonic radical anion Int-3. A deute-
rium labelling experiment with 10 equiv. of D2O confirmed that Int-3 is 
instantaneously reduced and protonated by residual water to afford the 
corresponding secondary alcohol product 3a (Supplementary Fig. 13).

Reaction of alkenes with isocyanates
Amides represent an important functional group in numerous classes 
of pharmaceuticals, agrochemicals and natural products, and the devel-
opment of catalytic methods to generate versatile amide bonds is of 
ongoing interest29. Isocyanates are reactive and atom economical, yet 
heavily underutilized reagents for the synthesis of amide bonds30,31. Rec-
ognizing that alkene radical anions are viable alkyl carbanion equiva-
lents, we proposed that addition to isocyanate to generate amide bonds, 
in a manner analogous to Grignard reagents, should proceed smoothly. 
The investigation was initiated by reacting 1,1-diphenylethylene 1a 
with phenyl isocyanate 9g under previously optimized reaction condi-
tions (Fig. 2). Following a detailed optimization, the desired amide 10l 
was furnished in 31% yield (Supplementary Table 2) and this remark-
able transformation represents the first example of a direct alkene 
hydroamidation strategy in the absence of metal salts. As shown in 
Fig. 4, electron-neutral (product 10a) and electron-rich diarylethylenes 
(product 10b–10f) could be easily converted to the corresponding 
cyclohexylamides. Similarly, alkyl isocyanates were efficiently con-
verted to amides 10g–10l with 1,1-diphenylethylene 1a. Reaction yields 
were often diminished by the formation of oligomerized side products 
due to uncontrollable reactivity of isocyanates with the amide bond.

Alkene hydroaminoalkylation
Next, we turned our attention to the addition of alkyl carbanion equiv-
alents to imine electrophiles. The addition of carbon nucleophiles to 
imine derivatives is a fundamental strategy for the synthesis of second-
ary and tertiary amines. It is typically accomplished using either eno-
late nucleophiles (Mannich reaction) or organometallic reagents. An 
alternative approach, under photoredox conditions, is based on the 

addition of alkyl radicals to electrophilic imine derivatives32–35. This 
strategy has been successfully executed using either isolated imine 
precursors or in situ-generated transient iminium ions via condensa-
tion of aldehydes or ketones and secondary amines (Fig. 5a). Photore-
dox generation of iminium ions directly from tertiary amines via two 
consecutive single-electron oxidations, and its subsequent function-
alization with two-electron nucleophiles is also well established36–38. 
We questioned whether the iminium ion, generated in situ by oxidation 
of an amine, could be controllably intercepted by the alkene radical 
anion to generate arylpropylamine derivatives. This simultaneous 
oxidative C–H activation of amines and reductive π activation of aryl 
alkene derivatives would enable a mechanistically distinct approach 
to the synthesis of tertiary and secondary amines with a range of 
electron-neutral and electron-rich aryl alkene derivatives, with selec-
tivity complementary to that of Giese-type radical addition. Central 
to this reaction design is a tactic deploying the simultaneous in situ 
generation of a highly electrophilic iminium species and the alkyl car-
banion equivalent from vinyl arenes. We envisioned that the strong 
electrostatic interaction between the alkene radical anion and the 
iminium cation could drive the direct nucleophilic addition in a manner 
analogous to the reactivity with aldehydes and isocynates (vide supra). 
We first examined aminoalkylation of 1,1-diphenylethylene 1a with 
diisopropylmethylamine 11 to generate diisopromine 12a, an 
anti-spasmodic drug. The use of 3tBuCzFIPN as the catalyst resulted 
in formation of the desired product 12a in low yield (35%) with simul-
taneous exhaustive alkylation to give 13 in 14% yield (Supplementary 
Table 3). Appreciable decomposition observed in the 1H NMR of the 
crude reaction mixture was attributed to detrimental oxidation and 
hydrolysis of the aminoalkylated products. We postulated that the 
decomposition pathway was attributable to the highly positive reduc-
tion potential of the photocatalyst (PC*/PC•− = +1.42 V versus SCE). 
Consequently, dicyanobenzene derived catalysts with lower excited 
state redox potentials were investigated. The use of less oxidizing 
3DPAFIPN (PC*/PC•− = +1.06 V versus SCE) resulted in a slight increase 
in yield of 12a (49%) and 13 (21%). Moving to 3-DPA2FPN (PC*/
PC•− = +0.92 V; PC/PC•− = −1.92 V versus SCE), which possesses a less 
oxidizing and strongly reducing potential, led to diminished yields of 
both products and extensive decomposition, implying that reaction 
efficacy was contingent upon controlled reduction of 
1,1-diphenylethylene and simultaneous rates of tertiary amine oxida-
tion. This postulate was further corroborated by catalyst 3CzClIPN 
(PC*/PC•− = +1.56 V; PC/PC•− = −1.16 V versus SCE) generating the desired 
product with full selectivity for 12a, albeit with high degree of decom-
position and incomplete conversion of the starting material. Thus, we 
hypothesized that the relative concentration of carbanion and iminium 
electrophile is key to viable C–C bond formation. On this basis it was 
considered imperative to fine tune the excited and ground-state poten-
tials of the photocatalyst independently, to achieve a rate of generation 
of the alkene radical anion that enables addition to the electrophile 
without unproductive reactivity. Consequently, we turned our atten-
tion to the tandem photoredox catalytic cycle of heteroleptic Ir com-
plexes and the archetypal catalyst [Ir(dFppy)2(dtb-bpy)]PF6 [(IrIII)*/
IrII = +0.98 V versus SCE; IrIII/IrII = −1.42 V versus SCE] remarkably gener-
ated the aminoalkylated adduct 12a in 81% 1H NMR yield. With optimized 
conditions established, we sought to evaluate the scope with respect 
to the alkene while employing N,N-diisopropylethylamine 4 as the 
coupling partner. As shown in Fig. 5b, electron-deficient (product 12c) 
and electron-rich diarylethylenes reacted smoothly with amine 4, where 
the reaction was insensitive to the electronic properties of the carban-
ion, even for very electron-rich coupling partners (12f–12j). To further 
demonstrate synthetic value, ɑ-alkyl and styrene derivatives were 
evaluated and the deeply negative reduction potentials of these alkenes 
(<−2.8 V versus SCE) necessitated photocatalytic systems with aggres-
sive reduction potentials. Accordingly, [Ir(ppy)2(dtb-bpy)]PF6 and, 
surprisingly, the organocatalyst 4CzIPN, were compatible with this 
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class of substrates, and 4CzIPN was particularly effective for the most 
electron-rich and sterically hindered alkenes (12o, 12q–12s). Signifi-
cantly, β-substituted styrene was also a competent coupling partner, 
generating a sterically crowded C–C bond in 12s in good yield, with full 
selectivity for the substitution at the β-position. The reaction was com-
patible with competitively reducible groups, including aryl halides 
(12w and 12x). Next, attention was directed to the substrate scope with 
respect to the amine using 1,1-diphenylethylene 1a as the alkene cou-
pling partner and a range of commercially available tertiary amines. 
Sterically hindered amines such as N-methyl tetramethylpiperidine 
and N,N-dicyclohexylmethylamine reacted exceptionally well under 
the optimized reaction conditions, generating 13b and 13c in remark-
ably high yields. The reaction was compatible with reducible functional 
groups including nitrile (13g), ester (13k and 13n) and ketone (13o) 
functionalities, as well as protic groups present on an unprotected 
primary amine (13e) and an unprotected alcohol (13f). Amines substi-
tuted with vinyl groups reacted in a lower yield of 35% (13d); however, 
a basic heterocycle such as pyridine was exceptionally tolerated (13i). 
In all cases, regioselectivity was excellent. Consistent with the classic 
redox chemistry of amines39, the reaction was selective for the primary 
methyl position in the presence of secondary and tertiary C–H bonds. 
The chemoselectivity of this protocol is further reflected by the pref-
erential monoalkylation observed for amines with multiple primary 
methyl groups (13e–13j), with only trace quantities of bisalkylation 
found in the mass spectra of the crude reaction mixtures. Pleasingly, 
aqueous trimethylamine was also compatible with the reaction condi-
tions, generating the pharmaceutically significant N,N-dimethyl scaf-
fold (product 13j) in 52% yield. Notably, in the absence of primary 
methyl groups, the reaction was completely selective for secondary 
C–H bonds, with excellent selectivity for monoalkylated products 
13l–13o. Functionalization of the unsubstituted propyl and ethyl side 
chains was exclusively observed in products 13n and 13o. This is espe-
cially significant in the case of compound 13o, in which alkylation of 
the more activated ɑ-carbonyl C–H bond could be readily accomplished 
via an enolate intermediate. We next turned our attention to unpro-
tected secondary amines as coupling partners (Fig. 6), which are largely 
incompatible with most two-electron and photocatalytic C–H bond 
functionalization methodologies40,41. In the presence of ɑ,β-unsaturated 
alkenes, secondary amines undergo competitive aza-Michael addition, 

while the use of electron-rich alkenes leads to the direct hydroamina-
tion reaction42–44. Re-optimization of the reaction conditions enabled 
the synthesis of 14a in 59% isolated yield (see Supplementary Table 5 
for details). Acyclic, symmetrical amines reacted efficiently to gener-
ate monoalkylated products 14b and 14c in good yields, with no cor-
relation between the length of the alkyl side chain and yield. 
Symmetrical cyclic amines were also amenable to the reaction condi-
tions. Pyrrolidine, piperidine, morpholine and azepane gave the cor-
responding alkylated products 14d–14g in moderate to high yields. 
High levels of selective monoalkylation were observed in all cases 
except for the bicyclic compound 14h, where the bisalkylated product 
was exclusively isolated. Sterically hindered amines substituted with 
one trialkyl group reacted in good yields (products 14i and 14j). The 
reaction was selective for the primary methyl position in the presence 
of secondary C–H bonds (14l and 14m). Oxygen-containing heterocy-
cles (14l and 14o), nitrile (14n) and unprotected alcohol (14i) functional 
groups were exceptionally tolerated.

Experimental mechanistic studies into alkene 
hydroaminoalkylation
First, we questioned whether a simple Giese reaction between the 
ɑ-amino radical and ground-state alkene could be responsible for the 
formation of product 13a under the established reaction conditions 
(Fig. 7, path A.1). Electron-neutral and electron-rich styrene derivatives 
have been generally deemed incompatible with Giese-type reactivity 
owing to the high nucleophilicity of ɑ-amino radicals, which are subject 
to significant polar effects in the transition state34, and the inefficient 
reduction of benzylic radical intermediates to the corresponding car-
banions21. The reported redox potential of a benzylic radical, Int-5 
(Ered1/2  = −1.34 V versus SCE)45 and that of reduced [Ir(dFppy)2(dtb-bpy)]
PF6 (IrIII/IrII = −1.42 V versus SCE) suggests that back electron transfer 
to Int-5 should be thermodynamically favoured. Interestingly, a cata-
lyst screen revealed no correlation between ground-state redox prop-
erties and the yield of 13a. The highly reducing catalyst, 
[Ir(ppy)2(dtb-bpy)]PF6 (IrIII/IrII = −1.51 V versus SCE), led to substantial 
reduction in the yield of aminoalkylated product 13a and concomitant 
generation of reduced alkane 15 (see Supplementary Table 4 for details). 
Furthermore, the use of a highly oxidizing, yet weakly reducing conPET 
photocatalyst, 3CzClIPN (PC/PC•− = −1.16 V versus SCE) generated a 
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mixture of the ɑ-amino adduct (in 30% yield) and the reduced alkene 
(in 12% yield). Contrastingly, [Ru(bpy)3]Cl2, with a less negative 
ground-state reduction potential (RuII/RuI = −1.33 V versus SCE) and a 
well-established propensity to oxidize tertiary amines from the excited 
state, afforded a full recovery of the alkene starting material, and no 
evidence of product 13a was observed. Similarly, no conversion of the 
alkene occurred with the highly reducing homoleptic [Ru(phen)3](PF6)2 

(RuII/RuI = −1.38 V versus SCE) and fac-Ir(dFppy)3 (IrIII/IrII = −2.11 V versus 
SCE) catalysts. Furthermore, other heteroleptic Ir complexes contain-
ing the dtb-bpy ligand such as [Ir(dFppy)2(dtb-bpy)]PF6 (IrIII/IrII = −1.42 V 
versus SCE) and [Ir(dF-4-Me)ppy)2(dtb-bpy)]PF6 (IrIII/IrII = −1.44 V versus 
SCE) afforded very high yields of the desired ɑ-amino adduct. Com-
bined, these results established a correlation between the in situ forma-
tion of a potent photoreductant, via a tandem photoredox catalytic 
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cycle or the conPET and formation of ɑ-amino adducts. Indeed, Stern–
Volmer quenching experiments revealed that 1,1-diphenylethylene 
(1a) effectively quenched the phosphorescence of [IrB]°* derived from 
[Ir(dFppy)2(dtb-bpy)]PF6, consistent with one-electron reduction of 
1,1-diphenylethylene 1a by the highly reducing catalytic species 
(Fig. 7b). The reaction failed to generate any detectable product when 
amines containing a benzylic ɑ-amino C–H positions were used as cou-
pling partners, including tetrahydroisoquinoline derivatives. These 
amines are known to undergo facile oxidation and functionalization 
via both ɑ-amino radical and iminium ion intermediates36,46. To under-
stand this phenomena and further corroborate the proposed mecha-
nism, we irradiated a solution of the Ir catalyst in the presence of a 
benzylic amine, N-benzyl-N-ethylaniline, and the emission profile 
characteristic of the [IrB]° complex was not observed with 10 min of 
excitation (Supplementary Fig. 17). This suggests that HAT from the 
excited photocatalyst to the tertiary amine with subsequent generation 

of the semi-saturated [IrB]° is inefficient. This could be rationalized by 
the significantly lower pKa of benzylic ɑ-C–H bonds47 promoting facile 
generation of stabilized ɑ-amino radicals, which should be unreactive 
in the context of this reaction.

We next questioned whether formation of alkene radical anions 
was responsible for the generation of product 13a. The highly reducing 
photoredox conditions may promote facile reduction of the benzylic 
radical Int-5 to carbanion (Int-6, path A.2), preventing competing reac-
tion pathways and turning over the catalytic cycle. We first sought evi-
dence for the involvement of ɑ-amino radical intermediates. Selective 
formation of ɑ-amino radicals from amine radical cations is promoted 
by the addition of inorganic bases, which deprotonate the C–H bond 
adjacent to nitrogen48–50. A reaction conducted in the presence of one 
equivalent of K2HPO4 resulted in an increased concentration of reduced 
1,1-diphenylethane 15 up to 10% by 1H NMR spectroscopic analysis, and 
this was accompanied by a corresponding reduction in the yield of 
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13a (Supplementary Table 4, entry 12). Furthermore, the reaction was 
effectively suppressed by the addition of 1 equiv. of Cs2CO3, with 50% of 
the starting material remaining in the crude reaction mixture and 18% of 
the reduced product 15 (Fig. 7c). To gain further insight into the effect 
of Cs2CO3, we performed radical trapping experiments. The addition 
of 1 equiv. of radical scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy 
(TEMPO) to the standard reaction mixture did not inhibit formation of 

product 13a. Significantly, the TEMPO adduct with the ɑ-amino radical 
16 was not detected by high-resolution mass spectrometry analysis 
(HRMS) (Fig. 7c and Supplementary Table 4, entry 13). Contrastingly, 
1 equiv. of Cs2CO3 and TEMPO suppressed the generation of product 
13a and was accompanied by concomitant formation of the TEMPO 
adduct of ɑ-amino radical 16. These results are consistent with the 
well-established ability of inorganic bases to promote formation of 
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ɑ-amino radicals, but also imply that ɑ-amino radicals are not significant 
intermediates in this reaction.

To further elucidate the observed reactivity, theoretical evaluation 
of the proposed reaction pathways was undertaken with DFT calcula-
tions (Supplementary Fig. 36). The single-electron oxidation of the 
α-amino radical derived from N,N-diisopropylethylamine Int-4(i) to 
iminium cation Int-4(ii) by [IrA]* proceeds via a thermodynamically 
favoured outer-sphere electron transfer pathway (ΔG‡ = 0.6 kJ mol−1, 
ΔG = −297.2 kJ mol−1). A near barrierless oxidation implies that the 
α-amino radical derived from aliphatic amines is sufficiently unsta-
ble to promote decomposition at a rate higher than the rate of Giese 
addition. Although this process can be decelerated by addition of an 
inorganic base, as exemplified by the TEMPO trapping experiment 
(vide supra), an increase in the yield of 15 suggests that oxidation to 
iminium and formation of [IrB] is still the dominant reaction pathway. 
It should be noted that the absence or addition of Cs2CO3, a peak with 
m/z of 338.2476 was identified at the baseline, which matches with a 
TEMPO adduct of diphenylethylene 17 (m/z of 338.2478). This suggests 
that reduction of diphenylethylene to the corresponding radical anion 
is not affected by added base. Conversely, the addition of inorganic 
base promotes conversion of iminium intermediate Int-4(i) to the 
corresponding enamine, thus deactivating aminoalkylation via the 
radical anion Int-1 intermediate. Subsequently, we performed this 
reaction in the presence of malonitrile 18 as a source of cyanide anion, 
to trap the iminium ion Int-4(ii) (ref. 51). A reaction performed with 
3 equiv. of malonitrile resulted in the reduced yield of adduct 13a (55% 
by 1H NMR), while mass spectrometry revealed formation of ɑ-cyano 
adduct 19 (Fig. 7c and Supplementary Fig. 22). Additionally, a reaction 
performed in a mixture of methanol and water influenced a further 
decrease in the yield of 13a to 18%, with concomitant hydrolysis of the 
intermediate iminium ion in aqueous solution. In MeOH-d4 as solvent, 
deuterium incorporation was observed at both the benzylic position 
(100% D incorporation) and β-methyl position (41% D incorporation), 
consistent with iminium–enamine tautomerization before the C–C 
bond-forming step (Supplementary Figs. 23–25). Taken together, 
these results strongly imply that the iminium ion Int-4(ii), and not an 
ɑ-amino radical Int-4(i), participates in the key C–C bond-forming step 
with 1,1-diphenylethylene 1a.

To demonstrate the versatility of our developed methodology in 
generating biologically active amines, we synthesized a selection of 
H1-antihistamine drugs based on the 3,3-diarylpropylamine scaffold, in 
a one-step manipulation, from readily available tertiary and secondary 
amines and alkenes (Fig. 8a). The simplicity and practicality of this pro-
tocol is further exemplified through the scaled-up hydroaminoalkyla-
tion of diisoproimine 12a (Fig. 8c) in flow without erosion of yield. The 
reaction was run continuously giving 1.26 g of the desired product in 
79% yield. To showcase the utility of our method towards late-stage 
functionalization, six pharmaceutical agents were used as the amine 
coupling partners under the optimized reaction conditions (Fig. 8b). All 
reacted efficiently and selectively to furnish alkylated products 25–30. 
Topical anaesthetic lidocaine underwent selective alkylation at the less 
activated C–H bond on one of the ethyl side chains in the presence of the 
ɑ-carbonyl C–H bond (product 25). Drugs containing multiple ɑ-amino 
sides, clomipramine (27) and desipramine (30), reacted selectively at 
the aliphatic primary methyl group, consistent with lower reactivity 
of aniline derivatives. Notably, dehalogenation was not observed for 
clomipramine-derived 27, highlighting the remarkable mildness and 
commensurate chemoselectivity of the method. Finally, we envisioned 
the alkene as a dicarbanion synthon, with differential reactivity of the 
primary alkyl carbanion and the stabilized benzylic carbanion. Thus, we 
questioned whether these separate reactive sites could be elaborated 
in an orthogonal fashion with two different electrophilic coupling part-
ners. Given the fast rates of aminoalkylation and the reported ability 
of the benzylic anions to undergo nucleophilic addition to CO2(refs. 
52–55), we proposed to extend the newly established aminoalkylation 

protocol towards the synthesis of biologically relevant γ-aminobutyric 
acid scaffolds. Initial screening in flow revealed that a highly reducing 
3DPAFIPN catalyst was optimal to ensure that the kinetics of alkene 
reduction were compatible with flow conditions (Fig. 8c). Further 
optimization of the reaction parameters with 1,1-diphenylethylene 
and 4 equiv. of N,N-diisopropylethylamine, 9 bar CO2 gas pressure and 
20 min residence time in the photoreactor furnished the correspond-
ing γ-aminobutyric acid 31 in 54% yield. Diverting to the less sterically 
hindered triethylamine improved the yield to 77% (product 32). The 
diisopromine derivative 33 reacted moderately well under the reaction 
conditions, delivering the corresponding amino acid in 33% yield. The 
reaction conditions were compatible with Boc-protected lidocaine 
(34), enabling facile selective late-stage functionalization of this active 
pharmaceutical ingredient. Pleasingly, unsubstituted aryl alkenes 
and ɑ-alkyl styrene derivatives were compatible, delivering a diverse 
library of γ-aminobutyric acids in acceptably moderate yields within 
a rapid 20 min reaction time. This protocol establishes the alkene as a 
dicarbanion synthon, and opportunities can be envisaged where the 
alkyl carbanion and benzylic carbanion can be reacted with a range 
of differentiated carbon electrophiles for dicarbofunctionalization.

Conclusions
We have identified a strategy to access latent alkyl carbanion equiva-
lents from alkenes under visible light photocatalysis. We found that, 
unlike conventional photoredox methods, the potent reducing envi-
ronment of multi-photon PC reliably generates alkyl carbanions via 
alkene radical anion linchpins. This operationally simple method 
represents an elegant approach to the regioselective functionaliza-
tion of weakly nucleophilic alkenes with carbon electrophiles. This 
mild and scalable procedure provides access to previously unattain-
able 1,2-dicarbanion synthons from readily available alkene feedstock 
chemicals. We demonstrate the potential generality of this platform as 
a mild source of alkyl carbanion building blocks through the synthesis 
of diverse alcohol, amide, amine and amino acid products via intermo-
lecular C–C bond-forming reactions with carbonyl electrophiles, in a 
manner analogous to conventional organometallic reagents. Experi-
mental and computational studies support a mechanism involving 
the controlled generation of an alkene radical anion that undergoes 
nucleophilic addition to a carbon electrophile, followed by a kineti-
cally favoured rapid polar crossover of the neutral radical species, 
to generate a second carbanion that is readily quenched by a proton 
source or further diversified via a second electrophile. We anticipate 
that this sets the stage for the future development of a wide variety of 
alkene hydro- and di-functionalization strategies by reimagining the 
alkene as an alkyl dicarbanion synthon. This could inspire the synthesis 
of complex intermediates or targets with weak electrophiles in the 
absence of stoichiometric reductants using only visible light-mediated 
catalysis, which are currently beyond the scope of conventional alkene 
functionalization approaches.

Methods
General procedure for the addition of diarylethylenes to 
aldehydes
Diarylethylene (0.1 mmol, 1.0 equiv.), 3tBuCzFIPN (0.002 mmol, 
2.0 mol%), diisopropylethylamine (0.11 mmol, 1.1 equiv.) and aldehyde 
(0.3 mmol, 3.0 equiv.) were placed in a pressure relief sample vial and 
taken up in DMA (2 ml). The solution was sparged with N2 for 1 min. The 
cap was sealed with Teflon tape and Parafilm, and the reaction mixture 
was stirred at room temperature for 18 h while being irradiated with 
14 W 448 nm LEDs. It was diluted with ethyl acetate and washed with 
brine (1×). The aqueous layer was extracted with ethyl acetate (1×) 
and the combined organic extracts were washed with brine (3×) and 
dried with MgSO4. The solvent was removed by reduced pressure to 
afford the crude product, which was purified by preparative thin-layer 
chromatography (TLC).
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General procedure for the hydroamidation of alkenes with 
isocyanates
Alkene (0.1 mmol, 1.0 equiv.), 3tBuCzFIPN (0.002 mmol, 2.0 mol%), 
diisopropylethylamine (0.1 mmol, 1.0 equiv.) and isocyanate 
(0.6 mmol, 6 equiv.) were placed in a pressure relief sample vial and 
taken up in wet N,N-dimethylformamide (DMF) (2 ml). The reaction 
mixture was sparged with N2 for 1 min. The cap was sealed with Parafilm 

and Teflon tape, and the reaction mixture was stirred at room tem-
perature for 4–16 h while being irradiated with 14 W blue LEDs. The 
reaction mixture was diluted with ethyl acetate (EtOAc) and washed 
with brine (1×). The aqueous layer was extracted with EtOAc (1×), and 
the combined organic extracts were washed with brine (3×) and dried 
with MgSO4. The solvent was removed by reduced pressure to afford 
the crude product, which was purified twice by preparative TLC.
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General procedure for the hydroaminoalkylation of alkenes 
with amines
Alkene (0.2 mmol, 1.0 equiv.), catalyst (0.004 mmol, 2.0 mol%) and 
amine (tertiary: 0.6 mmol, 3.0 equiv.; secondary: 0.8 mmol, 4.0 equiv.) 
were placed in a pressure relief sample vial and taken up in acetonitrile 
(2 ml). The reaction mixture was sparged with N2 for 1 min. The cap was 
sealed with Parafilm and Teflon tape, and the reaction mixture was 
stirred at room temperature for 24 h while being irradiated with 14 W 
blue LEDs. The reaction mixture was diluted with CH2Cl2 and washed 
with brine (1×). The aqueous layer was extracted with CH2Cl2 (2×) and 
the combined organic extracts were dried with MgSO4. The solvent was 
removed by reduced pressure to afford the crude product and purified 
by flash chromatography on deactivated silica or a preparative TLC plate.

General procedure for the continuous flow 
aminocarboxylation
A solution of 3DPAFIPN (0.02 mmol, 4 mol%), alkene (0.50 mmol, 1.0 
equiv.) and amine (2.0 mmol, 4.0 equiv.) in degassed DMF was prepared 
in a 5 ml volumetric flask. The solution was sparged with N2 for 2–3 min 
and loaded into a 4 ml sample loop (final reaction scale of 0.40 mmol). 
The reaction mixture was pumped at a 0.5 ml min−1 through the gas–
liquid reactor enriched with CO2 (9 bar CO2 pressure), followed by a 
photoreactor (10 ml reactor volume, 20 min residence time) irradiated 
with blue LEDs (440 nm, 60 W). The outlet solution was collected over a 
period of 40 min. The crude reaction mixture was concentrated under 
reduced pressure and the residue was taken up in Et2O/MeOH (2:1) and 
treated with a solution of TMSCHN2 in hexane (0.4 ml, 2.0 M, 2.0 equiv). 
The reaction mixture was stirred at room temperature overnight. It was 
quenched with glacial acetic acid (0.5 ml), diluted with EtOAc (20 ml) 
and washed with am saturated aqueous solution of NaHCO3 (2× 10 ml) 
and brine (1× 10 ml). The organic phase was dried over Na2SO4, filtered 
and concentrated under reduced pressure. The crude aminoester was 
purified by preparative TLC or silica gel flash column chromatography. 
Yields were calculated based on sample loop volume (4 ml) and con-
centration of the limiting reagent (0.1 M).

Data availability
The data supporting the findings of this study are available within this 
Article, its Supplementary Information or from the corresponding 
author upon request.
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