Cobalt-Catalyzed Carbon—Heteroatom Transfer Enables Regioselec-
tive Tricomponent 1,4-Carboamination

Kaitong Zhuangs, Graham C. Haug?, Yangyang Wang¢, Shuyu Yin4, Huiying Sun¢, Siwen Huang?, Ramon Trevino?, Kunzhi Shen¢, Yao
Sun¢, Chao Huange, Bin Qin¢, Yongxiang Liug, Maosheng Chengd, Oleg V. Larionov?*, and Shengfei Jina*

aWuya College of Innovation, Shenyang Pharmaceutical University, Shenyang 110016, P. R. China

b Department of Chemistry, University of Texas at San Antonio, San Antonio, Texas 78249, United States

¢ Shenyang Photosensitive Chemical Research Institute Co. Ltd., 8-12 No. 6 Road, Shenyang, 110141, P. R. China

d Key Laboratory of Structure-Based Drug Design and Discovery, Ministry of Education, School of Pharmaceutical Engineering,
Shenyang Pharmaceutical University, Shenyang 110016, P. R. China

Email: jinshengfei@syphu.edu.cn, oleg.larionov@utsa.edu

ABSTRACT: Tricomponent cobalt(salen)-catalyzed carbofunctionalization of unsaturated substrates by radical-polar crossover
has the potential to streamline access to broad classes of heteroatom-functionalized synthetic targets, yet the reaction platform has
remained elusive, despite the well-developed analogous hydrofunctionalizations mediated by high-valent alkylcobalt intermedi-
ates. We report herein the development of a cobalt(salen) catalytic system that enables carbofunctionalization. The reaction entails
a tricomponent decarboxylative 1,4-carboamination of dienes and provides a direct route to aromatic allylic amines by obviating
preformed allylation reagents and protection of oxidation sensitive aromatic amines. The catalytic system merges acridine photo-
catalysis with cobalt(salen)-catalyzed regioselective 1,4-carbofunctionalization that facilitates the crossover of the radical and
polar phases of the tricomponent coupling process, revealing critical roles of the reactants, as well as ligand effects and the nature
of the formal high-valent alkylcobalt species on the chemo- and regioselectivity.

Introduction

Development of new catalytic systems has been one of the major driving forces that has transformed synthetic chemistry and dra-
matically increased accessibility of important synthetic intermediates, medicinal targets, and advanced materials.!

Metal-catalyzed hydrogen atom transfer (MHAT) reactions have enabled new approaches to functionalization of unsaturated sub-
strates.!¢2 In particular, cobalt(salen)-catalyzed reactions that combine MHAT with nucleophilic substitution in high-valent al-
kylcobalt(IV) intermediates have emerged as a versatile platform for chemo-, regio-, and stereoselective hydrofunctionalization of
alkenes (Figure 1.A).3-456 Mechanistically, the reaction is presumed to be initiated by the formation of putative cobalt(IlI) hydride
that mediates MHAT to the alkene, producing alkylcobalt(III) via the intermediacy of the alkyl radical and cobalt(II) species. Sub-
sequent oxidation to alkylcobalt(IV) enables the substitution reaction with a nucleophile.23 The electrophilic character of the al-
kylcobalt(IV) intermediates is key to the alkyl group transfer to the nucleophile, although the reactivity and the nature of the high-
valent species, and the effects of ligands remain poorly understood. Furthermore, given the central role of MHAT in the catalytic
process, the scope of the reactions is confined to the net transfer of a hydrogen atom and a heteroatom-centered functional group
to the unsaturated coupling partner.

Remarkably, the analogous tricomponent Co(salen)-catalyzed carbofunctionilization of unsaturated feedstocks has remained elu-
sive (Figure 1.B).” Such a carbofunctionilization could enable a rapid buildup of molecular complexity and provide access to new
chemical space by forging carbon-carbon and carbon-heteroatom bonds in a single, multicomponent transformation.

We hypothesized that the cobalt(salen)-catalyzed carbofunctionalization can be enabled by trapping of an appropriately generated
alkyl radical by the cobalt(III) catalyst with subsequent addition to an unsaturated substrate, producing the alkylcobalt(IV) inter-
mediate that transfers the alkyl group to the nucleophile.8 However, the potential intermediacy of two alkylcobalt(IV) species
pointed to the necessity of developing a catalytic system that could efficiently suppress the reaction with the nucleophile before
the alkyl group transfer to the unsaturated substrate.

Given the central position of N-substituted aromatic amines in organic synthesis and drug discovery,® direct introduction of alkyl
groups on the nitrogen atoms of unprotected aromatic amines has emerged at the forefront of synthetic methodology, and several
methods have recently been developed!® to address the limitations of the well-established reductive amination and alkylation re-
actions.1! Allylic aromatic amines are important synthetic precursors that are typically accessed by a palladium-catalyzed allyla-
tion reactions, necessitating preformed allylic electrophiles.1213

Conjugated dienes are synthetically versatile feedstocks that are readily accessible by a variety of synthetic methods!4 or produced
industrially on multiton scales.!> Carboamination of dienes is an emergent strategy that can enable simultaneous construction of C



—C and C-N bonds of a nitrogenous allylic system in a multicomponent fashion without prior assembly of an allylic fragment.16-19

However, control of the regio- and stereoselectivity of diene carboamination has remained a challenge and has primarily been lim-
ited to 1,2-carboamination, while 1,4-carboamination has remained underdeveloped and has relied on palladium and other pre-
cious metals, with no examples of base metal catalytic systems. Notably, 1,4-carboaminaiton of dienes can be achieved under the
Heck reaction conditions, entailing a sequence of two-electron processes.1¢ However, the reaction scope is limited to
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Figure 1. Cobalt(salen)-Catalyzed Tricomponent 1,4-Carboamination.

C(sp?)-C bond formation from aryl and vinyl halides. Recently, a photocatalytic system based on photoinduced single electron
transfer from Pd? has been developed by Glorius that has expanded the scope to C(sp3)-C bond formation by facilitating alkyl radi-
cal generation from alkyl halides and redox-active esters.1” Despite the progress, a base metal catalytic system that can enable a
1,4-regioselective installation of alkyl and amino groups on a diene moiety has remained elusive, limiting access to important al-
lylic chemical space, e.g, allylic aromatic amines that cannot be directly accessed by the currently available multicomponent 1,4-
carboamination methods.

We envisioned that a direct tricomponent decarboxylative coupling of carboxylic acids with dienes and unprotected anilines could
provide a suitable catalytic system to develop the cobalt(salen)-catalyzed carbofunctionalization, because it can combine catalytic
generation of alkyl radicals and allylcobalt(IV) intermediates that may facilitate the chemoselective carbon-heteroatom transfer to
the unsaturated substrate in preference to the undesirable two-component alkylation of the nucleophile. Additionally, it would
provide a one-step access to allylic aromatic amines (Figure 1.D), expanding their accessible chemical space as a consequence of
the broad span of the chemical space of carboxylic acids across the domains of molecular complexity,20 fraction of sp3 carbon at-
oms (Fsp3),2t and geometric diversity. 2223 The reaction would obviate the preactivation of carboxylic acids that is typically re-
quired to bypass the challenging and inefficient oxidation of carboxylic acids.24-26 However, such a multicomponent reaction would
require a merger of a photocatalytic system that can enable a direct generation of alkyl radicals from carboxylic acids with an al-
lylation process that is kinetically and mechanistically fine-tuned to allow the formation of the allyl fragment from the diene prior
to the reaction with aniline, diverting the system from the efficient and difficult-to-suppress alkyl radical- mediated N-alkylation
(Figure 1.C).10c We report herein the direct decarboxylative tricomponent 1,4-carboamination of dienes that for the first time ena-
bles allylation of anilines with carboxylic acids and dienes by extending the Co(salen) catalysis to carbofunctionilization and with-
out prior activation of carboxylic acids through a merger with acridine photocatalysis.10¢22.2526 The mechanistically distinct co-
balt(salen) catalysis facilitates the tricomponent process, overcoming the competing N-alkylation, while an analysis of the formal
high-valent Co!V(salen) species points to the importance of the inverted ligand field effects and radical-metal interactions on the
roles of ligands, as well as the nature, and reactivity of the cobalt-centered catalytic species.



Table 1. Tricomponent decarboxylative 1,4-carboamination ¢

o~ A1 (10 mol%)
2 Co1 (1.5 mol%) (

/>€J\OH *n —®—>WN\©

| DMAP (5 mol%)

1 SN TBPB (1.7 equiv.) 4a
3 PhF, 0°C, 4 h

Entry Variations from standard conditions Yield, %
1 none 90 (91)¢
2 With Co2 86

3 no light, A1, Co1, or TBPB -

4 At25°C 23

5 MeCN instead of PhF trace

6 A2 or A3 instead of A1 45

7 With Co3 58

8 With Co4 82

9 With Co5 76

10 No DMAP 70

11 PhsP instead of DMAP 77

a Reaction conditions: acid 1 (0.3 mmol), diene 2 (0.3 mmol), aniline 3 (0.2 mmol), A1 (10 mol%), Col (1.5 mol%), DMAP (5
mol%), TBPB (0.34 mmol), PhF (3 mL), LED light (400 nm, 2.6 mW/cm2), 4 h. b Yields were determined by 'H NMR with 1,4-
dimethoxybenzene as an internal standard. ¢ Isolated yield. TBPB = tert-butyl peroxybenzoate. DMAP = 4-Dimethylaminopyridine.
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Results and Discussion

Optimization studies revealed that a reaction of carboxylic acid 1, diene 2, and aniline 3 afforded 1,4-carboamination product 4a in
90% and with complete stereoselectivity and regioselectivity in fluorobenzene as a solvent and in the presence of acridine A1 and
Colll salen complex Co1 as catalysts (Table 1, entry 1). The reaction was conducted with DMAP as a ligand to stabilize the high-
valent cobalt catalytic species.2” Other cobalt(salen) sulfonate complexes demonstrated similar catalytic activity (entry 2). Control
experiments in the absence of light, acridine, cobalt, and the oxidant indicated that these reaction parameters were crucial to the
formation of 1,4-carboamination product 4a (entry 3). Higher reaction temperatures led to a decreased yield, likely due to diene
polymerization (entry 4). Similarly, other solvents (entry 5), as well as other acridine and cobalt catalysts, and ligands (entries 6-
10) provided lower yields, resulting in increased undesirable decomposition of the coupling partners and polymerization.

With the optimized conditions in hand, we next studied the applicability of the direct decarboxylative 1,4-carboamination of
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Scheme 1. Scope of carboxylic acids in the acridine/cobalt catalyzed 1,4-carboamination of 1,3-dienes. Reaction conditions: acid 1
(0.3-0.4 mmol), diene 2 (0.3 mmol), aniline 3 (0.2 mmol), A1 (10-20 mol%), Col or Co2 (1.5-2 mol%), DMAP (5 mol%), TBPB
(0.34 mmol), PhF (3 mL), LED light (400 nm, 2.6 mW/cm?), 4 h, isolated yields. Benzene/MeCN (3 : 1, 3 mL) was used as solvent. »
Reaction was carried out in flow.

1,3-dienes. First, the scope of carboxylic acids was explored (Scheme 1). Primary, secondary, and tertiary acids were all compati-
ble, and the products were obtained in 4 hours with excellent yields and complete stereo- and regiocontrol. Primary aliphatic car-
boxylic acids (4b-4h, 41-4m) as well as acids bearing aryl, ester, carbamate, and heterocyclic functionalities were directly convert-
ed to the products in good yields (4i-4K). Acetic acid (4n) and deuterated acetic acid (40) were also well-tolerated, with the latter
product demonstrating a straightforward installation of a trideuteriomethyl group in a tricomponent reaction that can be useful
for applications in medicinal chemistry.28 Various acyclic and cyclic secondary carboxylic acids were also tested (4p-4v) including
a strained small ring (4r). Heterocyclic fragments such as tetrahydropyran (4w) and Boc-protected piperidine (4x) were compati-
ble with the decarboxylative tricomponent reaction. In addition, fluorinated (4y) and unsaturated (4z) substrates could also be
used in the reaction. Furthermore, a range of tertiary acids readily produced trans-alkenes bearing both cyclic and acyclic tertiary
alkyl groups in good yields (4aa-4af). The reaction could also be conducted as a continuous-flow process. Allylic amines 4n, 4ad,
and 4ae were readily prepared under continuous flow conditions with a residence time of 30 min.

The scope of the transformation with respect to the aniline substrate was also examined (Scheme 2). A variety of primary anilines
were tested first (5a-5h). Experiments revealed that the reaction tolerates sterically encumbered (5a and 5b) and diversely sub-
stituted anilines (5d-5h). N-Alkylated anilines bearing thioether, halogen, and ester groups as well as heterocyclic frameworks
were also suitable coupling partners (5m-5v). Additionally, several diarylamines were successfully converted to the correspond-
ing allylic amines (5w-5y). Notably, the reaction could be carried out on a 6 mmol scale under continuous-flow conditions, provid-
ing gram quantities of allylic amine 5i. The flow synthesis
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Scheme 2. Scope of amines in the acridine/cobalt catalyzed 1,4-carboamination of 1,3-dienes. Reaction conditions: see Scheme 1,
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Scheme 3. Scope of dienes in the acridine/cobalt-catalyzed 1,4-carboamination of 1,3-dienes. Reaction conditions: acid 1 (0.3-0.4
mmol), diene 2 (0.3 mmol), aniline 3 (0.2 mmol), A1 (10-20 mol%), Col or Co2 (1.5-2 mol%), DMAP (5 mol%), TBPB (0.34
mmol), benzene/MeCN (3 : 1, 3 mL), LED light (400 nm, 2.6 mW/cm?2), 4 h, isolated yields.
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Scheme 4. Structural modification of natural products and medicinal products. Reaction conditions: acid 1 (0.3-0.4 mmol), diene 2
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in flow.

of 5i can be further scaled up to 30 mmol (86% isolated yield, 1 g - h-1 production rate), enabling production at a higher concentra-
tion (0.15 M). In addition to carbocyclic aromatic amines, an array of heteroaromatic amines including dibenzofuran (5z), ben-
zothiophene (5aa), quinoline (5ab), and substituted pyridines (5ac and 5ad) were tolerated. A product derived from a cyclic ali-
phatic amine was also readily obtained (5ae). Furthermore, oxygen-centered nucleophiles, such as (hetero)aromatic phenols (5af-
5ah) and aromatic carboxylic acids (5ai-5ak) were efficiently introduced, with Co4 and Co5 as optimal cobalt catalysts, indicating
that the catalytic system can be further fine-tuned to accommodate other nucleophiles.

The scope of dienes was evaluated next (Scheme 3). Under the optimal conditions, simple feedstock dienes, such as isoprene (6a-
6c¢), 2,3-dimethyl-1,3-butadiene (6d), and myrcene (6h) were all converted to the desired products. Several 1,3-dienes bearing
saturated and unsaturated aliphatic substituents were also evaluated (6e-6g), and the corresponding allylic amine motifs were
obtained in moderate yields. For 2-substituted dienes, the major regioisomer featured the amino group at the less substituted
diene double bond, in line with the kinetically favored addition of the alkyl radical to the more substituted diene double bond that
leads to the formation of the more stable allyl radical intermediate (Scheme S1 in SI).

To further showcase the functional group tolerance and utility of the developed transformation, several natural products and ac-
tive pharmaceutical ingredients were also converted to their corresponding 1,4-carboamination products (Scheme 4). Dehydro-
cholic acid and mycophenolic acid (7a, 7b) readily produced corresponding products, pointing to a good compatibility with ke-
tones and lactones. Pleasingly, antihyperlipidaemic gemfibrozil (7c), anti-inflammatory oxaprozin (7d) and ketoprofen (7e), anti-
convulsant gabapentin (7f), and antispasmodic baclofen (7g) were all suitable substrates, demonstrating good functional group
tolerance. Moreover, several antilipidemic agents, e.g., clofibrate (7h), fenofibrate (7i), and ciprofibrate (7j) afforded the 1,4-
carboamination products without any detriment to the pendant functional groups under batch and flow conditions. Remarkably,
lipoic acid was also smoothly converted to allylic amine 7k leaving the radical- and oxidation-sensitive disulfide bridge unaffected.
Furthermore, medicinally important amines, e.g,, a derivative of the aromatase inhibitor aminoglutethimide (71) was readily alkyl-
ated in good yield. Interestingly, gemfibrozil and lenalidomide could be linked together by a rigid tether using the developed meth-
od (7m), pointing to potential medicinal applications in the context of construction of proteolysis targeting chimera (PROTAC).29
Similarly, menthol and aminoglutethimide were combined in good yield (7n), indicating that diverse linchpins can be designed
based on the carboamination strategy.

We next conducted experimental and computational studies to clarify the sequence of processes that underlie the dual catalytic
1,4-carboamination (Figure 2). Addition of TEMPO resulted in suppression of 1,4-carboamination, and the corresponding product
of the alkyl radical trapping by TEMPO (T1) was produced in 76% yield (Figure 2.A), indicating that the reaction proceeds through



decarboxylative alkyl radical generation, with further experiments pointing to acridine photocatalysis as the underlying process
for the carboxylic acid conversion to the alkyl radical intermediate (Tables S4-S7 and the discussion in the SI). Notably, no product
of trapping of the allyl radical with TEMPO T2 was observed with 3 equiv. and substoichiometric (20 mol%) loadings of TEMPO,
suggesting that the alkyl radical is trapped by the cobalt complex that is then converted to the reactive allylcobalt intermediate
through a reversible Co-C homolysis and rapid (e.g., in cage)30 uptake of the diene. Indeed, the corresponding alkylcobalt(salen)
species was detected mass spectroscopically, indicating that the alkyl radical is intercepted by the cobalt catalyst (Figure 2.B).
These results are congruent with the previously established persistent radical reactivity observed for cobalt complexes.25231 The
role of aniline was investigated next. A Job plot study for the aniline-cobalt catalyst system indicated that aniline does not form a
complex with the cobalt catalyst under the reaction conditions (Table S1). On the other hand, a negative slope of the Hammett plot
for substituted anilines suggested that aniline has a nucleophilic role in the catalytic process (Figure 2.C). To this end, a reaction of
alkylcobalt(Ill) complex Co6 with aniline 8 in the presence of TBPB produced corresponding N-alkylated aniline 9 in similar yields
in the dark and under LED irradiation. Given the lower oxidation potential of complex Co6 (Eox = 0.55 V vs SCE in DCM for Co com-
plex Co6 and 0.85 V for aniline 8, Figures S1 and S2), these results point to the
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Figure 2. Mechanistic studies of the dual catalytic 1,4-carboaminaiton. A. Radical trapping studies with TEMPO. B. Mass-
spectroscopic detection of the alkylcobalt intermediate. C. Hammett plot for the substituent effects in the aniline reactant. D. Reac-
tions of alkylcobalt(III) Co6 with aniline 8.

involvement of formal alkylcobalt(IV) species in a thermally induced oxidative coupling with anilines. Interestingly, addition of
butadiene to the reaction of cobalt complex Co6 and aniline 8 did not produce 1,4-carboamination product 10 in the absence of
light, while only traces of product 10 were detected by mass spectroscopy under LED irradiation. Instead, direct N-alkylation
product 9 was formed. Significantly, when the reaction was carried out in the presence of a carboxylic acid and under LED irradia-
tion, allylamine 10 became the major product.32 This result suggests that the acid acts as an inhibitor of the undesirable direct N-
alkylation pathway by forming a hydrogen bond-complex with the aniline, thus reducing the concentration of the aniline that is
available for the N-alkylation and permitting the light-induced reaction of diene with cobalt complex Co6 to be kinetically competi-
tive. Given the facility of the observed oxidative conversion of Co6 in the presence of TBPB, these results suggest that the for-
mation of the allylcobalt intermediate takes place after the oxidation of the alkylcobalt species by a photoinduced homolysis of the
weak Co-C bond (e.g., BDE 23.5 kcal/mol33), as previously observed for alkylcobalt complexes.2531b Supporting this conclusion, TD-
DFT calculations indicate that alkylcobalt(IV) species absorb light in the emission range of the LED source (Figure S3). Importantly,
no reaction was observed in any of the experiments in the absence of TBPB, ruling out a N-allylation mechanism wherein alkylco-
balt(III) adds to the diene via a reversible Co-C homolysis and alkyl radical addition with subsequent nucleophilic attack of aniline
on the intermediate allylcobalt(I1I) that leads to N-allylation and generation of Co(I). (Figure S10). To gain insight into the mecha-
nism of the reaction and the nature of the processes that involve formal high-valent Co!V species, computational studies were car-
ried out next (Figure 3). As suggested by the experimental observations, after the homolytic dissociation of an alkylcobalt(IV) in-



termediate (vide supra), addition of the alkyl radical to diene 2 proceeded exergonically over a readily accessible barrier (TSA),
producing allyl radical 11. The ensuing coupling of radical 11 with catalytic Co!l!(salen) mesylate complex 12 demonstrated high
selectivity (cf.,, TSB and TSC) for the linear addition product, i.e., formal Co!V allylcobalt intermediate 13, in line with the experi-
mental observations, with the branched product 14 also being substantially less stable.

The Co-C distance in the more energetically favorable linear TSB is significantly shorter than in the branched TSC (cf.,, 2.23 A and
3.11 A). Activation strain model (ASM) distortion/interaction analysis3* of TSB and TSC indicates that transition state TSB has a
significantly higher distortion energy reflective of the shorter distance between the cobalt fragment and the less substituted termi-
nus of the allyl group in TSB, and with a greater contribution from the distortion of the cobalt fragment in both transition states.
The greater distortion in TSB is, however, compensated by a substantially higher interaction energy. The Energy Decomposition
Analysis35 (EDA) suggests that the shorter interfragment distance in TSB results in a stronger Pauli (steric) repulsion that is coun-
terbalanced by even stronger attractive interactions, especially charge transfer (i.e., orbital interactions between the fragments)
and electrostatic interactions (i.e., Coulombic interactions between the charge distributions of the fragments), that also benefit
from the proximity of the reacting fragments in TSB. By contrast, dispersion has a comparatively smaller contribution to the stabi-
lizing interactions.

The out-of-sphere substitution reaction of allylcobalt intermediates 13 and 14 with aniline was kinetically facile (TSD and TSE),
affording N-allylanilinium intermediates 16 and 17 that proceeded to produce aniline products 18 and 19 after exergonic depro-
tonation with the oxidant-derived benzoate. The Co!! complex 20 that was produced in the reaction of Co!V intermediate 13 with
aniline underwent a low-barrier (AG*ser = 7.4 kcal/mol) oxidation by TBPB to the catalytic Co!l complex 12 via a concerted single
electron transfer. The generated tert-butoxy radical facilitates the turnover of the acridine photocatalyst by a hydrogen atom
transfer from the acridinyl radical produced in the photocatalytic decarboxylation.22a
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Figure 3. Computational studies of the 1,4-carboaminaiton. A. Gibbs free energy profile of the 1,4-carboaminaiton, kcal/mol,
PW6B95-D3(B])/def2-SVP(H,C,0,N,S,Cl)/def2-TZVP(Co) /SMD(PhF)//PW6B95-D3(B])/def2-TZVP/SMD(PhF). B. Energy decom-
position analysis for the allyl radical addition, AAE# = AE#*1sg - AE#1sc, kcal/mol. C. Spin distribution in mesylate 13. D. IBOs describ-
ing the Co-C bond in mesylate 13.
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Figure 4. Transformation of the Co-C (transparent) and C-N (solid) IBOs in the o (A) and {3 (B) space along the IRC for the reac-
tion of intermediate 13 with aniline.

To further clarify the oxidation state and reactivity of the Co!V species involved in the reaction, effective oxidation state (E0S)36 and
intrinsic bond orbital (IBO)37 analyses of intermediate 13 and the aniline substitution transition state TSE were carried out. The
EOS analysis suggested that the oxidation state in the formal Co!V intermediate 13 can be described as a triplet Co!! center antifer-
romagnetically coupled to an allyl radical (Figure 3.C). This assignment is supported by the partial spin of 1.67 on the Co center
and -0.79 on the allyl group. Concurringly, the IBO analysis indicates that, in addition to the one singly and two doubly occupied d-
orbitals, the IBOs corresponding to the Co-C bond are mainly cobalt-centered in the a space and carbon-centered in the (3 space
(Figure 3.D), in contrast to the IBOs of the Co-0 and Co-N bonds that are clearly dative, as revealed by the partial charges, predom-
inantly residing on the heteroatoms (Figure S15). Interestingly, the oxidation state of the cobalt center changes to Co(Il) with the
spin mainly residing on the Co center and the allyl group featuring an overall oxidation state of +I early en route to transition state
TSE in the reaction with aniline (Figure 4). The IBO analysis indicates that the a-IBO associated with the Co-C bond is transformed
into the cobalt d-orbital along the IRC, while the IBOs corresponding to the nitrogen lone pair become the C-N bond, pointing to a
process that can be described as single-electron transfer from the allyl group to the cobalt center. Given the possibility of the me-
sylate dissociation from complex 13 or a displacement of the mesylate with an L-type ligand (e.g, DMAP), the reactivities and oxi-
dation states of the pentacoordinate cationic species 21 and hexacoordinate pyridine complex 22 were also

21, nolL
22, L =Py
B. .
Co (1.850) C (0.971) Co (1.963) Co (1.080)
C (0.106) Co (0.949) C (0.798)
21 22

Figure 5. A. Co!V(salen) complexes 21 and 22. B. IBOs describing the Co-C bond in complex 21. C. IBOs describing the Co-C bond
in complex 22.

studied (Figure 5). Recent studies on the nature of carbon-metal bonding in formally high oxidation state metal complexes of cop-
per, nickel, and cobalt pointed to the importance of the inverted ligand field, wherein the carbon-metal bonding orbitals are domi-
nated by the metal, giving the bond an inverted polarity that can be described as a metal electron pair donation to a carbocation, in
contrast to the classical Werner-type ligand-to-metal coordination.3k38 The EOS analysis indicated that the metal center in the for-
mal Co!V complex 21 is best described as Co!! with the allyl group featuring an oxidation state of +I, in line with the earlier studies.3k
The conclusion is supported by the IBO analysis that reveals a partial spin of 1.29 on Co and -0.38 on the allyl group. Furthermore,
the dominant contribution of cobalt to the Co-C bond IBOs as indicated by the partial charges also points to the presence of an
inverted ligand field (Figure 5.B), while cationic pyridine complex 22 occupies an intermediate position between mesylate 13 and
complex 21 (Figure 5.C). Notably, transition states leading to linear product 18 from intermediates 21 and 22 remain energetically
preferred regardless of the coordination mode (Figure S26), indicating that the experimentally observed selectivity can be attained
with any of the formal Co!V intermediates. These results underscore the influence of the ligand effects on the oxidation state of the
cobalt in formal cobalt(IV) complexes and the common features of their reactivities in out-of-sphere nucleophilic substitutions.



Taken together, the experimental and computational studies indicate that the acridine and cobalt catalytic cycles can be interfaced
through an alkyl radical interception by Co!!(salen) C producing formal cobalt(IV) intermediate D (Figure 6). The weak Co-C bond
in intermediate D can readily undergo photoinduced homolysis leading to reversible regeneration of the alkyl radical with subse-
quent production of allyl radical E upon addition to the diene and formation of allylcobalt(IV) intermediate F. The ensuing nucleo-
philic substitution affords Co!!l complex G. The catalyst turnover via a single electron transfer to the oxidant furnishes the tert-
butoxy radical that regenerates the acridine catalyst from the acridinyl radical HA, facilitating the subsequent alkyl radical produc-
tion from the carboxylic acid by photoinduced proton-coupled electron transfer in hydrogen bond complex B, as descried in previ-
ous mechanistic studies of acridine photocatalysis.2> In addition, Co!' complex G can also couple with the alkyl radical, producing
alkylcobalt(IIl) intermediate H that undergoes oxidation to intermediate D, in line with the experimental observations.

Conclusion

In conclusion, we have developed a hitherto unexplored cobalt(salen)-catalyzed carbofunctionalization that enables a direct de-
carboxylative tricomponent 1,4-carboamination of dienes providing access to aromatic allylic amines from carboxylic acids with-
out the need for carboxylic acid preactivation, use of preformed allylic fragments, or protection of oxidation sensitive amine pre-
cursors. The reaction is facilitated by a successful merger of acridine photocatalysis with cobalt(salen)-catalyzed carbofunctionali-
zation. The mild reaction conditions allow for engaging a broad range of carboxylic acids, aromatic amines, and dienes under batch
and flow conditions. Furthermore, our studies point to key roles of the radical and polar reactivity of the cobalt catalyst in deter-
mining the chemo- and regioselective outcomes of the process, as well as the reactivity-modulating role of carboxylic acids, and
clarify the nature of the oxidation states of the cobalt-centered catalytic species.
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Figure 6. Mechanism of the direct decarboxylative 1,4-carboamination.
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