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ABSTRACT: Conjugate addition is one of the most synthetically useful carbon—carbon bond-forming reactions; however, reactive
carbon nucleophiles are typically required to effect the addition. Radical conjugate addition provides an avenue for replacing reactive
nucleophiles with convenient radical precursors. Carboxylic acids can serve as simple and stable radical precursors by way of
decarboxylation, but activation to reactive esters is typically necessary to facilitate the challenging decarboxylation. Here, we report a
direct, dual-catalytic decarboxylative radical conjugate addition of a wide range of carboxylic acids that does not require acid
preactivation and is enabled by the visible light-driven acridine photocatalysis interfaced with an efficient copper catalytic cycle.
Mechanistic and computational studies provide insights into the roles of the ligands and metal species in the dual-catalytic process
and the photocatalytic activity of substituted acridines.

KEYWORDS: acridines, carboxylic acids, decarboxylation, photocatalysis, visible light

B INTRODUCTION Visible light photocatalytic decarboxylation of abundant
carboxylic acids has emerged as a powerful method of radical
generation that has been used for the construction of carbon—
carbon and carbon—heteroatom bonds.” The major approach
to decarboxylation entails the conversion of carboxylic acids to
redox-active esters that undergo single-electron reduction by a
photocatalyst or reducing metal, triggering mesolytic cleavage
of the N—O bond and decarboxylation. The reduction-initiated
decarboxylation is advantageous because it bypasses the
energetically costly homolysis of the O—H group by a
hydrogen atom transfer (HAT) or single-electron oxidation
of carboxylic acids and carboxylates that is incompatible with
many functional groups because of high oxidation potentials
[E.x > 1.3 V vs standard hydrogen electrode (SHE)].

The development of new catalytic systems has been the major
driving force that revolutionized synthetic methodologies in
the past several decades. Recent upsurge of interest in
photocatalytic transformations has enabled a productive
merger of photoinitiated radical processes and transition-
metal-catalyzed reactions, resulting in new carbon—carbon and
carbon—heteroatom bond-forming dual-catalytic cross-cou-
pling strategies." Despite the steady growth of new photo-
induced catalytic reactions, their mechanistic underpinnings
remain largely unexplored. This is because photoinduced
reactions operate in a light-controlled mode, wherein only a
small fraction of photocatalyst molecules undergo photo-
excitation at any moment, effectively rendering excitation a
rate-limiting step and making all subsequent steps kinetically

unobservable.” This obstacle along with the fleeting character Received: ~ August 6, 2020
of photogenerated intermediates and the complexity of several Revised:  September 8, 2020
interdependent catalytic cycles present unique challenges to an Published: September 9, 2020

improved mechanistic understanding that may pave the way to
more rational development of new dual-catalytic trans-
formations.
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A direct O—H cleavage-initiated approach that obviates the
preparation and isolation of redox-active esters is a syntheti-
cally attractive alternative, yet the development of new visible
light-induced photocatalytic systems that can mediate the
direct decarboxylation of a broad range of carboxylic acids
(e.g, those that do not bear stabilizing a-heteroatom
substituents) and be compatible with a variety of easily
oxidizable and reactive substrates and functional groups (e.g.,
unprotected hydroxy groups) has remained a challenge.*”

We recently described a new class of visible light
photocatalysts with a generic 9-arylacridine structure for direct
decarboxylative radical generation. The acridine photocatalysts
enabled direct decarboxylative amination of carboxylic acids in
a dual-catalytic acridine/copper process.” Furthermore,
acridine photocatalysis could also be merged with a
cobaloxime-catalyzed HAT, resulting in a net dehydrodecar-
boxylation. The reaction was then expanded into a
biointerfaced triple-catalytic process that permits the direct
conversion of renewable vegetable oils to long-chain a-alkenes,
providing a pathway to biorenewable polymer materials.

Decarboxylative radical conjugate additions provide a
straightforward approach to homologation of carboxylic acids
and isostere preparation that sidesteps iterative functional
group interconversion strategies required to achieve chain
growth (Scheme 1). Despite the progress in the decarbox-
ylative conjugate additions,” there remain some challenges that
can be systematically addressed by the development of
processes proceeding without prior activation of carboxylic
acids as redox-active esters, with a broad range of both
carboxylic acids and radical Michael acceptors and in the
absence of stoichiometric basic additives typically required to
generate more easily oxidizable carboxylate anions, or sacrificial
reductants and hydrogen donors.

Although the UV-induced decarboxylation of alkanoic acids
in the presence of nitrogenous heterocycles including acridine
was previously studied by several groups,® visible light
photocatalysis, especially in the context of complex dual- and
triple-catalytic transformations, as well as a mechanistic
understanding of the underlying photochemical processes
remained undeveloped. Our recent studies demonstrated that
visible light acridine photocatalysts induce photodecarbox-
ylation from the singlet excited state of acridine—carboxylic
acid complexes without the prior formation of carboxylate salts
by a proton-coupled electron-transfer (PCET) process.®
Furthermore, we showed that acridine photocatalysts do not
act as bases either in the ground or excited states, that is, they
do not produce acridinium carboxylate salts because they are
insufficiently basic to induce the deprotonation of alkanoic
acids, whose pK, values are well outside of the thermodynami-
cally favorable range in low- and medium-polarity solvents.
Instead, a PCET takes place in the photoexcited acridine—
carboxylic acid hydrogen bond complex.® The hydrogen bond-
directed character of the reaction enables direct decarbox-
ylation under base-free conditions and ensures high functional
group tolerance as, for instance, no protection is required for
otherwise easily oxidizable alcohols, phenols, and electron-rich
indoles and anilines. The involvement of alkyl radical
intermediates in the direct decarboxylation reaction was
established by radical trapping experiments, and the kinetic
and thermodynamic feasibility of the process was confirmed by
computational studies. Acridines bearing o-chlorophenyl (A1)
and mesityl (A2) groups in the 9-position emerged as the most
efficient photocatalysts among the evaluated acridines.’

Scheme 1. Visible Light-Induced, Direct, Acridine-
Catalyzed Decarboxylation
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Given the compatibility of the acridine photocatalysts with
transition-metal catalysts, we envisioned that a direct
decarboxylative radical conjugate addition could be enabled
by interfacing the acridine-catalyzed decarboxylation with a
copper-mediated catalytic cycle facilitating the conjugate
addition and the acridine catalyst turnover (Scheme 2A). In
this dual-catalytic process, acridinyl radical HA that emerged
from the photoinduced PCET in acridine—acid complex B can
reduce Cu' catalyst C, producing Cu’ complex D and
acridinium HA". The alkyl radical produced in the acridine-
catalyzed decarboxylation can undergo a conjugate addition to
a Michael acceptor. The resulting a-carbonyl radical E can
then cross-terminate with Cu’ complex D, affording Cu'
enolate F. The subsequent protonation of enolate F by
acridinium HA" will regenerate both copper catalyst C and
acridine photocatalyst A, closing both catalytic cycles.

However, alkyl radicals can also be efficiently intercepted by
metal catalysts, producing alkylmetal intermediates. These

https://dx.doi.org/10.1021/acscatal.0c03440
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Scheme 2. Mechanism of the Visible Light-Induced, Direct,
Dual-Catalytic Radical Conjugate Addition
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cross-termination events are sufficiently rapid (e.g, >10° M
s™') to occur even at low concentrations of metal species.’
Thus, an alternative mechanistic pathway for the copper
catalytic cycle may entail cross-termination of the alkyl radical
with Cu® catalyst D (Scheme 2B), providing a straightforward
entry to nucleophilic alkylcopper(I) intermediate G in a
radical-polar crossover. The subsequent addition of inter-
mediate G to a Michael acceptor can proceed via Cu™
intermediate H or by a direct isohypsic Michael addition en
route to copper(I) enolate F'. The subsequent protonation of
enolate G by acridinium HA' will regenerate both copper
catalyst D and acridine photocatalyst A, closing both catalytic
cycles.

Given the propensity of a-carbonyl radicals to initiate
deleterious polymerization'’ and the complexity of interfacing
diffusion-controlled radical cross-termination steps with photo-

induced PCET and single-electron-transfer processes, the
development of the dual-catalytic reaction called for the
identification of suitable ligands that could efhiciently support
the copper catalyst through the Cu®/Cu' catalytic cycle.

We report herein the successful development of the dual-
catalytic, direct radical conjugate addition to a variety of
Michael acceptors and a detailed mechanistic and computa-
tional study that provides insights into the nature of the
catalytic species in the copper cycle and the catalytic activity of
acridine photocatalysts.

B RESULTS AND DISCUSSION

Preliminary optimization studies revealed that long-chain
aldehyde 1 can be formed in low yield from palmitic acid
(2) and acrolein with acridine Al and pyrrolidine (3) (Table
1, entry 1). Addition of Brensted acids had a detrimental effect

(entry 2).

Table 1. Reaction Conditions for the Visible Light-Induced
Dual-Catalytic Alkenylation”

~_-COzH .e .e A~ ~_-CHO
3 H27C13

H27C1 \/CHO
2 1
acridine yield
entry catalyst Cu catalyst ~ Amine solvent (%)*

1 Al 3 DCM 16

2 Al TFA® 3 DCM 10

3 Al CuCl 3 DCM 43

4 Al CuCl 4 DCM NY

5 Al CuBr, 4 DCM 56

6 Al CuOTf 4 DCM 75

7 Al CuL,BF, 4 DCM 88

Col

8 Al CuL,BF, 4 EtOAc 40

9 Al CuL,BF, 4 PhCF, 9

10 Al CuL,BF, 4 DCM/MeCN 35

(2:1)

11 A2 CuL,BF, 4 DCM 86

12 Al CuL,BF, 4 DCM 71¢

13 Al CuL,BF, 4 DCM 0

14 CuL,BF, 4 DCM 0

15 Al CuL,BF, DCM 50

16 Al CulL,BF, 4 DCM 85*%

17 Al ZnL((OTf), 4 DCM 7

18 Al NiL4(OTH), 4 DCM 2

19 Me-A2* Cul,BF, 4 DCM 0"

“Reaction conditions: palmitic acid (0.3 mmol), acrolein (2.5 equiv),
Cu catalyst (10 mol %), acridine catalyst (10 mol %), amine ligand
(10 mol %), solvent (3 mL), light-emitting diode (LED) (4 = 400
nm), 25-27 °C, 14 h. bYields were determined by 'H NMR
spectroscopy. °5 mol %. “Isolated yield. °420 nm LED light.”No light.
86 h reaction. h9-Mesityl-10-methy1acridinium perchlorate (Me-A2")
was used as a photocatalyst, and 99% recovery of acid 2 was observed.
L = MeCN.

Hypothesizing that the Cu(I) cocatalyst could facilitate the
catalytic turnover as described in Scheme 2, we tested CuCL
Notably, the yield increased to 43% (entry 3), indicating that
the dual-catalytic acridine/copper(I) system can provide a
substantial improvement in the reaction performance. Prelimi-
nary screening of representative amines pointed to piperazine
(4) as the catalyst of choice (entry 4). Other Cu(I) and Cu(II)

https://dx.doi.org/10.1021/acscatal.0c03440
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Table 2. Scope of the Direct Decarboxylative Conjugate Addition with Aldehydes and Ketones”

OCI/\/\/\/\O’<j\/\/\/\ O/\A ©:>_/_/O\/\/ d/\/\

5 89% 6, 71% 7, 54% 8,74% 9, 65% 10, 80% 11, 85%5¢

MeO,C, ~o
N, —
o stearic acid - o
_0 oleic acid

16, 91%

AP

12, 63% 13, 76%7 13-a 14, 57% 15, 77% ’ 17, 84%
— — o — o Ox o

linoleic acid erucic acid sebacic acid

18, 79% 19, 80% 20, 71%°

MeO.
Z o \/\/\/\/K/\/\/\/\/\
4 pentacosadiynoic acid H A
OA aleuritic acid (6]
21, 73%° naproxen
22, 67%° 23, 71%>
T\

“'OH
gemfibrozil deoxycholic acid chenodeoxycholic acid HO oleanolic acid HO glycyrrhetinic acid
24, 83%>°9 25, 68%° 26, 63%° 27, 77%° 28, 84%, 1:1.8 de®
1.2 g, 64% 149, 68%
fa S | [3
v-v'
/\/\/\)\ Q JoJ = SN
BocHN pinB ¢ ® © c
Vel
29, 75%° 30, 62% 31, 82%° 32, 65%%° 3 Jo)
Me o
OAc o) OMe o o =
tBu H
ACO\/\/\/\)\/\/\/\/\)J\ o ° A B
Y X o) NHBoc BnO)J\N/\ﬂ/O "
o) H
OAc o] OH o)
aleuritic acid mycophenolic acid Boc-Glu-OtBu Cbz-D-Glu-OBn
33, 82%%° 34, 81%° 35, 82%° 36, 70%°
1.6 g, 68%
AN,
(@3
(¢} o o
h e - e h o
37, 55% 38, 66% v 38-a 39, 69% 40, 51%" 41,61% 42, 59%° 43, 66%°
44, 77%° 45, 56%° 46, % 47, 54% 48, 87% 49, 64%°° 50, 62%°°
F F OMe
- Q:Me /@EMe
o  Me (o] o  Me (0] o
51, 65% 52, 62%%" 53, 71% 54, 52%°° 55, 64%

“Reaction conditions: carboxylic acid (0.3 mmol), a,f-unsaturated carbonyl (2.5 equiv), Cu(MeCN),BF, (10 mol %), AI (10 mol %), piperazine
(10 mol %), dichloromethane (DCM) (3 mL), LED (A = 400 nm), 25—27 °C, 14 h. ’A1 (7 mol %). DCM (4 mL). “Acridine A1 (10 mol %).
A2 (10 mol %).’DCM (2 mL). 2Cu(MeCN),BF, (12 mol %). Plperazme (4) (15 mol %).

11451 https://dx.doi.org/10.1021/acscatal.0c03440
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salts showed promising catalytic performance, with Cu-
(MeCN),BF, emerging as the optimal catalyst. Under optimal
conditions with A1/Cu(MeCN),BF,/piperazine (4), aldehyde
1 was isolated in 87% yield. Dichloromethane was the optimal
solvent (entries 7—10), and acridine A2 was also a suitable
photocatalyst (entry 11). Light with A,,,, = 420 nm could also
be used (entry 12). Control experiments confirmed that light
and the acridine photocatalyst were both necessary to effect
the reaction, while omission of amine 4 resulted in a lower
yield (entries 13—15). Shorter reaction times can be used
without a significant detriment to the reaction performance
(entry 16). To test if the catalytic activity of copper is due to
Lewis acidity, the reaction was carried out with other Lewis
acids (e.g, entries 17 and 18), and a drastically reduced
performance was observed, ruling out the Lewis acidity as an
underlying mechanism of the copper catalysis. We previously
showed that the acridine-catalyzed decarboxylation does not
proceed via acridinium carboxylate salts. Indeed, a premade N-
methylacridinium carboxylate salt failed to undergo the
decarboxylation under reaction conditions used for acridine
photocatalysis.® In order to confirm that the present conjugate
addition follows the same mechanistic pathway, the reaction
was carried out with an N-methylacridinium catalyst (entry
19), and no formation of product 1 was observed with 99%
recovery of acid 2. This result indicates that acridinium salts
are not involved in the radical conjugate addition process, in
line with our prior observations.

The acridine/copper dual-catalyzed decarboxylative con-
jugate addition reaction proceeded with a quantum yield of
0.42, pointing to the overall efficiency of the photocatalytic
system.

The scope of the reaction was examined next (Table 2, 5—
55). Carboxylic acids containing a halo group, aromatic and
heteroaromatic groups, and saturated heterocycles were
suitable substrates (5—10). Importantly, primary, secondary,
and tertiary aliphatic acids reacted equally well (5—15). The
transfer of tertiary alkyl groups is noteworthy as they are
typically less amenable to nucleophilic conjugate additions."'
The scope was further explored with naturally occurring and
medicinally relevant molecules. In addition to stearic acid (16),
unsaturated fatty acids were also readily converted to the
corresponding homologated aldehydes 17—19. Importantly,
double addition can be accomplished with a diacid, giving rise
to dialdehyde 20. Other aldehydes were also readily produced
from pentacosadiynoic and aleuritic acids (21, 22) and from
naproxen and gemfibrozil (23, 24). Bile acids were also
suitable substrates (25—26) as well as oleanolic and
glycyrrhetinic acids (27, 28). Significantly, the reaction
exhibited excellent functional group tolerance with unpro-
tected alcohols (26—28). The scope of the reaction was further
extended to other representative ketones and aldehydes.
Methyl vinyl ketone was a suitable reaction partner. A range
of functionalized carboxylic acids were tested, and the expected
products were obtained in good yields (29—36), including
ketones containing amide (29, 32, 35, 36), the synthetically
versatile boryl group (32),"” and phenol (34). Notably, the
unprotected y-carboxylic group in glutamic acid derivatives was
subjected to the reaction, and the corresponding analogues of
the naturally occurring amino acid 2-amino-8-oxodecanoic
acid"® (Aoda) were isolated in good yields (35, 36). Similarly,
2-hexenal reacted smoothly (37-39), including tertiary
aliphatic acids. Cyclic enones, cyclohexenone and cyclo-
pentenone, were also evaluated. The reactions proceeded in

good yields (40—50), affording products that, in some cases,
would be challenging to access using nucleophilic reagents
(e.g, 45, 48, 49). Finally, the new catalytic system was tested
with substituted cinnamaldehydes (51—55). As with the other
a,f-unsaturated carbonyls tested, the expected addition
products were readily formed cinnamaldehyde and the p-
methoxy and p-fluoro-substituted congeners. Importantly, the
reaction can be carried out on preparatively useful scales, as
demonstrated by the gram-scale syntheses of aldehydes 26 and
27 and ketone 36. Although standard conditions were suitable
for most of the substrates, several key parameters can be varied
to optimize the yields. For example, lower concentrations can
be used for substrates with reduced solubility (24—28), while
the substrates that produce benzylic radicals may benefit from
a higher concentration and lower acridine catalyst loading. 9-
Mesitylacridine A2 is generally more reactive and can be used
in place of the more readily available acridine catalyst Al with
recalcitrant substrates. Unsubstituted acridine A3 can also be
used with reactive substrates, although it is substantially less
efficient than catalysts A1 and A2.

The potential of the decarboxylative radical addition
reaction to streamline the synthesis of aldehydes and ketones
is evident from a number of valuable products that were
previously synthesized by laborious multistep sequences but
can now be accessed in one or two steps. For example,
aldehyde 17 is a pheromone of Pikonema alaskensis that was
previously prepared in nine steps.'* Similarly, the potent
antidiabetic protein tyrosine phosphatase 1B inhibitor 56 was
previously synthesized from oleanolic acid in six steps (Scheme
3)." The synthesis can be reduced to two steps with one

Scheme 3. Streamlined Synthesis by the Direct
Decarboxylative Conjugate Addition

CO,H
1.

oleanolic acid acrolein HO'
2. NaClO,, NayHPO,
2-methyl-2-butene

| 73% }

6 steps

o
CONEIS

NHBoc methyl vinyl ketone NHBoc
71% 57

MeOZCW_‘n\/CO2H

chromatographic purification by taking advantage of the dual-
catalytic, direct decarboxylative radical addition that does not
require protection of the hydroxy group, followed by the
Pinnick oxidation, affording inhibitor 56 in 73% yield. Along
the same lines, protected amino acid derivative 57, which was
previously accessed in six steps, was synthesized in 71% yield in
one step using the photocatalytic decarboxylative method.'®

https://dx.doi.org/10.1021/acscatal.0c03440
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We proceeded further with the investigation of the scope of
the direct decarboxylative conjugate addition with other
acceptors (Table 3). N,N,N',N’-tetramethyl-1,3-propylenedi-
amine (TMPDA) was found to be the optimal ligand in this
case. The reaction produced nitriles 58—62 in good yields with
acrylonitrile as a Michael acceptor. Primary (58), secondary
(59 and 60), and tertiary (61 and 62) carboxylic acids reacted
smoothly. Similarly, a reaction with benzyl acrylate produced
esters (63—65) without any complications. Acrylamides can
also be readily used, as demonstrated by amides 66—68.
Heteroatom-substituted Michael acceptors performed equally
well. The reactive phenyl vinyl sulfone afforded sulfone
products 69—72, including oleanolic acid-derived sulfone 69
bearing an unprotected hydroxy group. Vicinal disulfone
products 73 and 74 were also readily synthesized.

Finally, phosphine oxide 75 and phosphonates 76 and 77
were accessed in 58, 86, and 78%, respectively, from the
corresponding vinylphosphorus precursors. These synthetic
studies indicate that the acridine/copper dual-catalytic
decarboxylative conjugate addition has a broad scope that
encompasses a wide range of functionalities and exhibits
outstanding functional group tolerance, as, for example,
demonstrated by the obviation of the protection for the
oxidizable and Bronsted acid and base-active hydroxy group. In
addition to the obviation of the protection and preactivation
steps, the present method avoids potential side reactions that
may take place with other photocatalytic systems, for example,
alkene isomerization that may be observed with iridium
catalysts.'” It also encompasses a broad spectrum of carboxylic
acids, particularly primary alkanoic acids and more generally
those that do not bear stabilizing a-heteroatom substituents
typically used in Erior studies of direct decarboxylative
conjugate additions.

Mechanistic Studies. Although dual-catalytic reactions
become increasingly more common, there is a dearth of kinetic
and mechanistic studies."”'® Photocatalytic reactions are
especially challenging for kinetic analysis because most
photocatalytic reactions proceed in a light-controlled mode,
wherein the kinetics of the reactions is determined by the
incident light intensity, effectively rendering them zero-order
in all reactants. We first investigated the role of copper in the
dual-catalytic process. Although a Cu' salt was used as a
precatalyst, we were aware of the relatively high oxidation
potential of Cu' (E,.q ~ 1 V vs SHE)"’ that could lead to facile
reduction to Cu’ by the intermediate acridinyl radical HA.
Experientially, the involvement of Cu’ was evident from the
formation of the copper mirror after consumption of the
carboxylic acid. The key role of Cu’ in the catalytic process was
further demonstrated in experiments with added mercury
metal (mercury drop test)”’ which led to a substantial decrease
in the reaction performance (a drop in yield of aldehyde 1
from S1 to 21% in 30 min was observed in the presence of
mercury metal), supporting the involvement of Cu’ in the
catalytic process. To further test the catalytic role of Cu’, the
reaction was carried out with 25 nm copper nanoparticles
instead of the Cu' catalyst precursor, and an efficient
decarboxylative conjugate addition was observed (62% of
aldehyde 1). Taken together, these results are consistent with
the Cu’/Cu' catalytic cycle. We next explored the influence of
the amine additive on the reaction performance.

To this end, we carried out the reaction in the presence of a
range of aliphatic and aromatic amines and observed that the
reaction performed well with tertiary aliphatic amines (Figures

Table 3. Scope of the Direct Decarboxylative Conjugate
Addition with Typical Michael Acceptors®
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“Reaction conditions: carboxylic acid (0.3 mmol), a,f-unsaturated
carbonyl (2.5 equiv), Cu(MeCN),BF, (10 mol %), A1 (10 mol %),
N,N,N’,N’-tetramethyl-1,3-propanediamine (TMPDA) (10 mol %),
DCM (3 mL), LED (A = 400 nm), 25—27 °C, 14 h. ¥S:1 trans/cis
ratio. “15 mol % TMPDA was used.
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1 and S1). In particular, tertiary aliphatic diamines (e.g,
TMPDA, 10 mol %) and monoamines (triethylamine, TEA)

A1 (10 mol%)
o A1 (10 mol%) Cu(MeCN),BF,
H27C13/\/ N TEMPO (10 mol%) hoC /\/\/CHO
LED (400 nm) acrolein s
amine (10 mol%) 1
LED (400 nm)
1
>
[7)
c
2
L2
%
o 0.5
2
s
T
14
0
eEFFIF & LASE O
LETINT 4 £ <
< /\Q}' 4@ d}(\o

Figure 1. Influence of amines on the performance of the Al/Cu-
catalyzed decarboxylative conjugate addition. The reaction yields are
given relative to the yield of the Al-photocatalyzed decarboxylative
radical trapping reaction of acid 2 with TEMPO.

performed at the level comparable to piperazine (4) that was
determined to be near the maximum of attainable performance
(controlled by the photodecarboxylation rate) established in a
reaction with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO) as an alkyl radical trap.° In contrast, acyclic
secondary (e.g,, 1,2-dimethylethylenediamine, DMEDA) and
primary (e.g, 1,2-ethylenediamine, EDA) diamines led to
substantial dampening of the reaction performance. Aromatic
diamines (e.g, bpy, phen) were even less efficient. Our
previous mechanistic studies demonstrated that amines inhibit
the acridine-photocatalyzed decarboxylation, likely because of
the disruption of the acridine—carboxylic acid complex
formation through competitive complexation with an acid.*®
This conclusion was confirmed for the conjugate addition
reaction (Figure 2), wherein the addition of excessive amounts
of the amine led to the drop in the product yield. The optimal
Cu/N ratio was 1:2—3, likely reflecting the coordination
number preference for the Cu catalyst.

Taken together, these results indicate that the amine does
not serve as a base for the formation of carboxylate anions but
instead acts as a ligand for the copper catalyst. Given the
evidence for the involvement of Cu’ in the catalytic process,
aliphatic amines may stabilize Cu’, preventing aggregation.

Although acridines have emerged as powerful photocatalysts
for direct decarboxylation of carboxylic acids, many aspects of
the photocatalysis by acridines remain unknown. To confirm
the intermediacy of acridinyl radicals HA, we studied the
reaction of cyclohexanecarboxylic acid with acridine A2 by
electron paramagnetic resonance (EPR) spectroscopy. For-
mation of a persistent radical was observed after irradiation,
whose spectrum is consistent with acridinyl radical HA2 (g =
2.0026, ayyy = 7.2 G, ay = ay = 3 G, Figure 3).”! The same

C
B
A J‘\V
pavma, g W —r
3420 3470 3520 3570 3620

Magnetic Field, G

Figure 3. Room-temperature X-band EPR spectroscopic study of
acridinyl radical formation from acridine A2. (A) Reaction mixture of
the A2/Cu-catalyzed decarboxylative addition of cyclohexanecarbox-
ylic acid and acrolein. (B) Irradiation of a solution of cyclo-
hexanecarboxylic acid and acridine A2. (C) Simulated EPR spectrum.

signal was observed after irradiation of the reaction mixture for
the conjugate radical addition, indicating that acridinyl radicals
HA indeed participate in the acridine photocatalytic process.
In order to gain insight into the kinetics of the
decarboxylative conjugate addition and distinguish the
contributions of the mechanistic pathways outlined in Scheme
2A,B, experiments were carried out with carboxylic acid 78,
and the dependence of the ratio of products 79 and 80 on the
concentration of acrolein and Cu was interrogated (Figure 4).

0.03
0.02
=
=
0.01 -
4
0 T T .
0 0.3 0.6 0.9 1.2
NEt;, equiv.

Figure 2. Influence of triethylamine loading on the performance of
the Al/Cu-catalyzed decarboxylative conjugate addition of palmitic
acid to acrolein.
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Figure 4. Radical interception studies with acrolein and Cu as radical-
intercepting species.
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Figure 5. Computed Gibbs free energy profile of the acridine/copper dual-catalytic radical conjugate addition. (A) Pathway A with the Michael
acceptor intercepting the alkyl radical. (B) Pathway B with the Cu catalyst reacting with the alkyl radical. (C) HOMO and LUMO orbitals of

complex 86.

Interestingly, strong dependence was observed for both
acrolein and Cu, suggesting that both species participate in
cross termination with the alkyl radical and indicating that
both mechanistic pathways contribute to the catalytic process.
For comparison, no dependence on the concentration of the
metal catalyst was observed when the Cu catalyst was
substituted with Zn(MeCN)¢(OTf), (Figure S2), reinforcing
the conclusion. Significantly, the conclusion that both
mechanisms are operative under reaction conditions is
predicated on the assumption that the alkyl radical is trapped
irreversibly. Computational studies suggest that the require-
ment may be met for both radical trapping pathways because
of the pronounced exergonic character of the radical addition
to acrolein and the cross termination with a Cu catalyst (vide
infra).

To gain further insights into the mechanism of the dual-
catalytic conjugate addition, computational studies were
carried out at the M06-2X-D3/def2-TZVPPD(SMD)/MO06-
2X-D3/def2-SVP level of theory (Figure SA). Addition of the
alkyl radical to acrolein proceeds exergonically over a small
barrier (TS,). The computed barrier for the radical addition
(11.6 kcal/mol) is in excellent agreement with the
experimental value of 10.9 kcal/mol.** @-Carbonyl radical 81
proceeds to undergo a highly exergonic cross termination with
Cu’ complex 82 en route to Cu' enolate 83. The subsequent
thermodynamically favorable protonation by acridinium HA1*
regenerates acridine photocatalyst A1 and Cu' complex 84 and
furnishes the conjugate addition product.

We then probed the thermodynamic feasibility of the
reduction of Cu' with acridinyl radical HA1. Comparison of
the computed reduction potential of HA1 (E, 4 = —0.33 V vs
SHE) and the experimental reduction potential of the
Cu(MeCN),BF,/NEt; (2 equiv) system (E,q = 1.02 V vs

11455

SHE) revealed that acridinyl radical HA1 can readily reduce
Cu, thus enabling the turnover of both catalytic cycles.

In the alternative copper catalytic cycle described in pathway
B in Scheme 2, Cu’ complex 82 was found to undergo a highly
exergonic cross termination with the alkyl radical (Figure SB),
producing alkylcopper(I) intermediate 8S. The subsequent
ligand exchange with acrolein produces complex 86 in an
endergonic step. The alkyl group is then directly transferred to
the 3-C of acrolein, furnishing Cu' enolate 87 over a moderate
overall barrier of 16.4 kcal/mol from complex 85 (TSc,).

A Cu intermediate was not located, and the facile
formation of enolate 87 directly from complex 86 suggests
that the alkyl-transfer reaction is ligand-centered, that is,
without participation of the central metal. Indeed, natural bond
orbital”’ analysis showed that both the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of complex 86 are ligand-centered,
with the methyl group having the dominant contribution
(60.4% for CHj, only 32.9% for Cu) in the HOMO and
acrolein (97.1, 36% for -CH,) in the LUMO (Figure 5C).
Similarly, analysis of the natural charges revealed a significant
negative charge on the methyl group (—0.86) and a positive
charge on Cu (+0.83) and 8-CH, of the acrolein unit (+0.17).
Taken together, these data support the conclusion that the
alkyl group transfer proceeds in a ligand-centered manner
without a Cu' intermediate, essentially by a nucleophilic
Michael addition mechanism. Finally, addition of the
acetonitrile ligand and protonation with acridinium HAI"
complete the process, regenerating the acridine and Cu
catalysts.

Both pathways are kinetically and thermodynamically
favorable, in agreement with the experimental conclusions.

Although the barrier for the addition of alkylcopper(I)
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complex 85 to acrolein is higher than that for the direct alkyl
radical addition to acrolein, it is preceded by a highly exergonic
and irreversible trapping of the alkyl radical by the Cu’ catalyst.
The cross termination of the Cu’ catalyst with the alkyl radical
was found to proceed without a barrier, that is, in a diffusion-
controlled manner (Figure S4). Thus, pathway B may compete
with pathway A, even if the concentration of the catalytically
competent Cu’ species remains very low, likely being
significantly affected by colloidal aggregation and other
speciation equilibria. We also briefly investigated the influence
of substitution in the alkyl radical on the barriers of the radical
addition and the alkylcopper intermediate addition to acrolein
(Figures SS and S6). The barriers decreased for the radical
addition to acrolein with increasing substitution on going from
methyl to ethyl and tert-butyl radicals. In the case of the
alkylcopper addition, the barrier decreased for the ethyl radical
but increased for the tert-butyl radical, suggesting an interplay
of steric and electronic factors. Collectively, the experimental
and computational studies support the involvement of the Cu'/
Cu’ catalytic cycle in the dual-catalytic decarboxylative
conjugate addition and showcase the utility of the acridine
photocatalysis in C—C bond-forming reactions.

B CONCLUSIONS

In summary, we have developed a visible light-induced, dual-
catalytic, direct decarboxylative conjugate addition of a variety
of carboxylic acids. The scope of the reaction encompasses a
wide range of primary, secondary, and tertiary acids and a
variety of Michael acceptors. The dual-catalytic system
comprises acridine-photocatalyzed direct decarboxylation and
a copper-catalyzed conjugate addition enabled by radical-polar
crossover or direct radical addition to the Michael acceptor.
Mechanistic studies revealed an efficient Cu'/Cu’ catalytic
cycle and the acridinyl radical as an intermediate mediating the
redox turnover of the acridine and copper catalytic cycles. The
facile interfacing of the acridine-photocatalyzed direct
decarboxylation with transition-metal catalysis opens new
horizons in carbon—carbon and carbon—heteroatom bond
formation using carboxylic acids as nucleophilic and radical
precursors directly and without prior preactivation.
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