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Abstract: Herein, we presented a synergistic catalytic system that utilizes 4CzIPN and (R)-
L1/Pd(acac), as catalysts for an efficient and enantioconvergent synthesis of axially chiral esters from
racemic heterobiaryl bromides and alkyl bromides with CO, under mild conditions. A wide range of axially
chiral esters, featuring various functional groups, were obtained through this novel methodology in good
to high yields with excellent enantioselectivities. Detailed mechanistic studies unveiled that the ratio of
4CzIPN/[Pd/(R)-L1] significantly influences the chemo- and enantioselectivity of the reaction. Kinetic
studies and control experiments supported the proposed mechanism involving cascade asymmetric
carboxylation followed by Sn2 substitution. Achieving high enantioselectivities relies not only on the choice
of synergistic metallaphotoredox catalysts but also on the utilization of alkyl bromides, which trap the

generated chiral carboxylic anions in situ, preventing their immediate racemization.

Introduction

Synergistic photoredox/transition metal catalysis, commonly referred to as metallaphotoredox, has
emerged as a reliable strategy for designing and developing new transformations under mild conditions.*!
Compared to single catalytic systems, metallaphotoredox catalysis combines the unrivaled capability of
transition metal catalysis for bond formation with the broad utility of photoinduced electron- or energy-
transfer processes, which facilitates the success of challenging chemical transformations.? Among the
various established metallaphotoredox catalytic systems, the reductive cross-coupling reactions have
been extensively studied that afford a straightforward and modular approach to access valuable complex
targets from two readily available electrophiles.®! In contrast to traditional reductive cross coupling
reactions, this photoredox-assisted reductive strategy not only avoids the use of superstoichiometric metal
reductants (e.g., Zn, Mn, ZnEt,), but also improves the catalyst’'s performance as well as enables precise
control over multiple selectivities via modulation of two independent catalytic cycles. Although significant
progresses have been achieved in this realm, metallaphotoredox catalyzed reactions employing CO; as
one of the electrophiles to synthesize carboxylic acids via C-C bond formation,* especially in an

enantioselective manner, remains in its infancy (Figure 1a).
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Figure 1. Transition metal-catalyzed asymmetric C—C bond formation with CO..

Carbon dioxide (CO.), known as a non-toxic, abundant, and sustainable carbon feedstock, has attracted
substantial attention from the synthetic community. Over the past few decades, extensive efforts have
been devoted to the utilization of CO, as a C1 source to produce fine chemicals, and significant
achievements were made.”® Nevertheless, the catalytic asymmetric transformation of CO», particularly
through the formation of C-C bond to synthesize enantioenriched carboxylic acids or their derivatives,
remains an extraordinary challenge.® Due to inherent kinetic inertness and thermodynamic stability of
CO., its transformation often necessitates the provision of considerable energy that leads to the use of
harsher reaction conditions than desired. Another challenging issue might be the relatively weak
coordination ability of CO, towards catalytic metal centers. Consequently, only a handful of effective
catalytic systems for asymmetric carboxylation with CO, have been developed so far, albeit these
methods require the use of an excess amount of metallic reagents, silanes, boron reagents or
electrochemical conditions to sustain the catalytic cycle.[’! Of particularly note, most established
methodologies focus on carboxylic acids with central chirality, yet the synthesis of axially chiral carboxylic
acids and their derivatives with CO; are still underdeveloped due to the lack of a suitable catalytic system. [l

On the other hand, the axially chiral carboxylic acids and their derivatives usually serve as highly efficient
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catalysts or ligands in diverse asymmetric transformations.® Therefore, the development of efficient and
novel catalytic systems to realize asymmetric carboxylation with CO,, especially the synthesis of axially

chiral carboxylic acids is still in high demand.!*"!

Considering that there are numerous combinations of dual photoredox/transition metal catalysts by
varying ligand, photocatalyst, or organic reductant, it offered the prospect of achieving asymmetric
carboxylation with CO,, so we decided to explore the feasibility for employing such a catalytic system.
The pioneering work of metallaphotoredox catalyzed CO, transformation were reported by Murakami and
co-workers in 2016, which combined the use of Cu and ketone as catalysts for carboxylation of allylic C-
H bonds with CO; under UV-light.' Subsequently, visible-light-driven metallaphotoredox catalysis was
established by the use of Rh,*? N;i,l*3l Pd,[4l Col*®l and Cul*?l with matched photocatalysts that has
enabled direct carboxylation of CO, under mild conditions with various organic substrates, such as
alkenes, organohalides, alkynes etc. (Figure 1a). Nevertheless, the asymmetric version of the related
transformation was scarcely investigated until very recently, where the Xiao and Chen group developed
an effective metallaphotoredox-enabled asymmetric difunctionalization of alkenes with CO, via an alkene
radical anion strategy, affording a series of chiral carboxylic acids with the chiral center at the 3-position
(Figure 1b, left).['®] To the best of our knowledge, the enantioselective transformation of CO» through
photoredox/transition metal catalysts to produce axially chiral carboxylic acids or esters has not yet been

reported (Figure 1b, right).

Herein, we present our recent results on the dual photoredox/Pd catalyzed enantioconvergent cross-
electrophile esterification of racemic heterobiaryl (pseudo)halides and alkyl bromides with CO, under
visible light irradiation, yielding a series of axially chiral esters with excellent enantioselectivity (Figure 1c).
Based on previous reports,['”l we expected the chelated-cyclopalladium intermediate, generated by
oxidative addition of palladium to racemic heterobiaryl (pseudo)halides, to undergo epimerization via a
dynamic kinetic asymmetric transformation (DyKAT) to accomplish deracemization of the substrate
(Figure 1c). Notably, in our initial trials using racemic heterobiaryl (pseudo)halides with CO,, we noted
that the enantiomeric excess of the obtained axially chiral carboxylic acids was significantly lower than
that of the esterified product in situ in the presence of alkyl bromides (Table 1, entries 1 and 6). However,
incorporating alkyl bromide as the third electrophile may increase the complexity of achieving high
chemoselectivity, considering potential competing carboxylation, reduction, and reductive cross-
electrophile coupling of organobromides. Fortunately, by applying an appropriate combination of a ligated
chiral palladium catalyst and a matched photocatalyst with diisopropylethylamine (DIPEA) as the final
reductant, the side-products could be inhibited to a very low level, thus realizing the first

enantioconvergent synthesis of axially chiral esters under very mild conditions.
Results and Discussion

We commenced our investigation into the photoredox/palladium catalyzed cross-electrophile esterification
by using racemic 1-(2-bromonaphthalen-1-yl)isoquinoline (1a), 1-bromohexane (2a), and CO, as the
reaction partners under typical conditions for metallaphotoredox catalyzed reactions [4CzIPN as a
photocatalyst, diisopropylethylamine (DIPEA) as a reductant, Pd salt as a metal catalyst, and blue LEDs,
as shown in Table 1]. We began by evaluating the effect of chiral ligands on the reaction by using
Pd(acac); as the catalyst and it was found that the ligand had a significant influence on the reactivity

(Table 1, entries 1-5). The axially chiral bisphosphine ligand L1 gave the best result, affording the axially
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Table 1. Optimization of the reaction conditions.

L
_N

[a]

"Standard conditions”

Pd(acac), (5 mol%), L1 (6 mol%) Z N 2N
4CzIPN (5.0 mol%), ‘Pr,NEt (3.0
B + €O, + NCeH,Br 74 (5.0 mol%), 'Pr, (3.0 equiv) e
1 atm 2 Cs,CO3 (3.0 equiv), LiNTf, (1.0 equiv) 67113
closed a 4A MS (50 mg), DMA (0.05 M), 16 °C, 455 nm, 24 h
1 3aa
a 89% yield, 96% ee
Qo
N N
O PAr CFs o NC CN NC CN
MeO' 2 Ar= ‘3 \J
MeO. PPh, N/ N N
e SrinS B
L g0
OMe
L1 4CzIPN (PC1) 4DPAIPN (PC2)
I\:Ile
HN"Ph
0 0 L "
PPh, OMe N
N | N z
I l PPh, l ! PPh, I l PPh, O)\/)
L3 L4 L5 PC4
ent Variations from the ;;Zkz;; ee of 3aa entr Variations from the ;(::(:;; ee of 3aa
Ty standard conditions Bl ° (%) [@ Y standard conditions ] ° (%) 1@l
1 none 89 96 10 HEH instead of DIPEA 34 92
2 L2 instead of L1 0 - 11 LiOTf instead of LiNTf2 45 56
3 L3 instead of L1 0 - 12 LiCl instead of LiNTf2 40 62
4 L4 instead of L1 28 0 13 NaNTfz instead of LiNTf2 83 92
5 L5 instead of L1 29 42 14 w/o LiNTf2 79 82
6101 w/o "CeH13Br (2a) 82 6 15 wio 4 A MS 74 96
7 PC2 instead of PC1 72 60 16 w/o Cs2CO3 32 93
8 PC3 instead of PC1 0 -- 17 Nz instead of CO2 0 --
9 PC4 instead of PC1 62 84 18 no Pd/L1, or no PC1 or no light 0 --

[a] Standard conditions: 1a (0.1 mmol, 1.0 equiv.), 2a (0.3 mmol), CO2 (1.0 atm, closed), Pd(acac)z (5.0 mol%), L1 (6.0
mol%), 4CzIPN (5.0 mol%), DIPEA (3.0 equiv.), Cs2COs (3.0 equiv.), LiNTf2 (1.0 equiv.), 4A MS (50 mg) in DMA (2.0
mL), blue LED (455 nm) at 16 °C for 24 h. The yields were isolated yields for all products by column chromatography,
and the ee (enantiomer excess) was determined by HPLC using a chiral column. [b] After 24 hours, 2a was added into
the reaction mixture and stirred for 4 hours. HEH = diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate, DMA =
N, N-dimethylacetamide, DIPEA = diisopropylethylamine.

chiral ester 3aa in 89% vyield with 96% ee (standard conditions, Table 1, entry 1). Notably, under the
standard conditions, the side reactions could be suppressed and only the hydrodehalogenated byproduct
4a was observed in less than 10%, which contrasts with previous reports of nickel/photoredox catalysis!*€l,
To demonstrate the necessity of alkyl bromide (2a), we conducted a control experiment in the absence of
2a under the same conditions. Surprisingly, although the product 3aa could be obtained in 82% yield after
esterification with 1-bromohexane (2a), the enantioselectivity dramatically decrease to 6% ee (Table 1,
entry 6). These results suggested that the carboxylation process proceeded efficiently in high

enantioselectivity, however the resulted carboxylic anion might undergo racemization under the standard
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conditions. Different photocatalysts, such as 4DPAIPN (PC2), Ru(bpy)sCl, (PC3), and Ir(ppy)2(dtbpy)PFs
(PC4), were evaluated, but lower yields and enantioselectivities were obtained in all cases (Table 1,
entries 7-9). Using Hantzsch ester (HEH) as the reductant instead of DIPEA only provided the desired
product 3aa in 32% yield with 92% ee due to the incomplete conversion of 1a (Table 1, entry 10), which
indicated that SET reduction of the Pd™ intermediate might be a slow step. Other additives with different
cations or anions, including LiOTf, LiCl, and NaNTf,, were also introduced into the reaction instead of
LiNTf,. The former two lithium salts gave 3aa in moderate yields and enantioselectivities, accompanied
by a large amount of 4a (Table 1, entries 11 and 12), and the latter (NaNTf;) had a slight influence on the
reaction (Table 1, entry 13). These results implied that the NTf, anion has a significant impact on the
reaction performance, which was supported by the result in the absence of LiNTf, (Table 1, entry 14). This
is probably attributed to the weak coordination of the NTf, anion, facilitating the generation and
epimerization of the cyclopalladium intermediate. Moreover, 4A molecular sieves could promote the yield
by suppressing competitive reductive protonation (Table 1, entry 15). Additionally, the role of Cs,CO3 as
a base rather than a CO; surrogate was illustrated by the results as there was no desired product detected
under nitrogen (Table 1, entries 16 and 17). Finally, we carried out a series of controlled experiments to
indicate that the metal, ligand, photocatalyst PC1, and light are all necessary for the cross-electrophile

esterification under standard conditions (Table 1, entry 18).

With the optimized conditions in hand, we began to investigate the substrate scope for this asymmetric
three-component esterification, which utilizes CO; to synthesize various axially chiral esters. First, the
scope of alkyl bromides was studied under the standard conditions and the results were summarized in
Table 2. The reaction appears to be compatible with various types of alkyl bromides (2a—2ee), consistently
affording the corresponding axially chiral esters in high yields (80-92%) with excellent enantioselectivities
(90-96% ee). In the presence of an array of alkyl bromides with different chain lengths, the cascade
carboxylation and substitution steps underwent smoothly, delivering the corresponding chiral esters 3ab-
3ae in 87-91% yields with 92-96% ee. Moreover, alkyl bromides with different functional groups such as
cyclopropane, alkene, methoxy, phenoxy, ester, cyano, and trifluoromethyl, also reacted efficiently,
affording the desired esters 3af-3an in high yields with excellent enantioselectivity. The reaction with alkyl
bromides bearing alkyl chloride and fluoride that might influence chemoselectivity gave the desired
products 3ao and 3ap in 91-92% yield with the same 96% ee. The functional groups of methylsulfonyl
(3aq), phosphonate (3ar), amide (3at), and ketone (3ax) were well-tolerated in the catalysis. Besides, this
chiral ester synthesis method could provide diesters (3as, 3au-3aw) in 86-90% yield with 94-95% ee.
Notably, the substrates with a heteroarene such as thiophene, furan, benzofuran, and isoquinoline also
worked well under the visible light conditions and accomplished the corresponding products 3ay-3abb in
85-89% vyield with 93-96% ee. Finally, the substrates containing drug fragments such as Isoxepac,

Ibuprofen, and Diacetone-D-glucose, participated in this transformation efficiently to provide 3acc-3aee.

Next, a survey of various heterobiaryl bromides or triflates was performed in the photoredox/Pd-catalyzed
cross-electrophile esterification with CO2 by using 1-bromo-4-methoxybutane (2i) as the third coupling
partner. As shown in Table 2, substitutes such as methoxy, methyl, fluoride, and phenyl group on the 4th
and 5th positions of the naphthyl ring did not affect the reaction and provided the corresponding products
(3bi-3fi) in 80-88% yields with 90-94% ee. Notably, the reaction scope is not limited to the naphthyl
scaffold as the reaction employing bulky bromobenzene 1g also proceeded with a high level of asymmetric

induction (3gi). To our delight, the heteroaryl bromide substrates derived from quinazoline ring also
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worked well in this catalytic system. Therefore, the reaction is applicable to the substrates bearing different
substituents on the 4", 5" and 6" positions of the quinazoline ring, affording the desired chiral esters

(3hi-3mi) in good to high yield, again with excellent enantioselectivity.

Table 2. Evaluation of the substrate scope. @
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3av, R = Cl, 88%, 93% ee
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3ii, 84%, 94% ee 3ji, 68%, 96% ee (X = OT) 3Ki, 78%, 96% ee 31i, 86%, 96% ee 3mi, 47%, 96% ee (X = OT)

[a] Unless otherwise noted, all the reactions were performed by using 1 (0.1 mmol, 1.0 equiv.), 2 (0.3 mmol) CO2 (1.0 atm, closed),
Pd(acac)2 (5.0 mol%), L1 (6.0 mol%), 4CzIPN (5.0 mol%), DIPEA (3.0 equiv.), Cs2CO3 (3.0 equiv.), LINTf2 (1.0 equiv.), 4A MS (50

mg) in DMA (2.0 mL), blue LED (455 nm) at 16 oC for 24 h. The yields were isolated yields for all products by column chromatography,

and the ee was determined by HPLC using a chiral column.
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To gain more insight into the synergistic photoredox and palladium catalytic system, a series of control
experiments were performed (Scheme 1). Firstly, the impact of the ratio between the palladium catalyst
[Pd(acac)./L1] and photocatalyst (4CzIPN) on the reaction was investigated by varying one of the catalyst
loadings. Interestingly, the yield and ee of 3aa reached the highest peak value simultaneously when the
guantities of the palladium catalyst and photocatalyst were equal, suggesting that the synergy was optimal
at this ratio (Scheme 1a). Then, the kinetic study was conducted under the standard conditions. Along
with the consumption of 1a, the yield of 3aj increased gradually, and the ee of 3aj was almost constant
(>90%) until the end of the reaction. The observed low ee of recovered la indicated that this process
might occur in a non-ideal kinetic manner in the presence of Pd/L1 (Scheme 1a, left). In the same kinetic
investigation, we also observed the generation of 5] in a considerable amount, from alkyl bromide 2j, via
a hydrodehalogenated process (Scheme 1a, right). The results of the radical clock experiments
demonstrated that the formation of esters with alkyl bromides does not involve a radical species (Scheme
1c). Interestingly, in the reactions using (3-chloropropyl)benzene or (3-iodopropyl)benzene instead of (3-
bromopropyl)benzene (2d), there was no desired ester product 3ad detected (Scheme 1d). In the case of (3-
chloropropyl)benzene, carboxylation of 1a with CO, occurred smoothly, however due to the poor leaving ability
of chlorine as an anion, the subsequent substitution reaction did not take place. Hence, the carboxylic anion
6aa’ was detected and isolated in 80% yield and 6% ee. In the case of (3-iodopropyl)benzene, carboxylation
did not proceed at all, which was likely owing to the easier reduction of alkyl iodide that disrupted the desired
reaction (Scheme 1d). All the above experimental results supported that the esterification process most likely
proceeded through Sn2 substitution between the carboxylic acid anion and alkyl bromide. To investigate the
influence of Sn2 substitution between the carboxylic anion and alkyl bromide on enantioselectivity, a set of
experiments was carried out by using different equivalents of 3a (Scheme 1e). As expected, the yield and ee of
3aa were both promoted by increasing the concentration of 2a, which was consistent with the results (Table 1,
entry 6 and Scheme 1b, right). Furthermore, the study on the conformational stability of carboxylic anion
demonstrated that under the standard conditions, the generated carboxylic acid 6aa would undergo
racemization over time (Scheme 1f). Fortunately, after esterification in situ with alkyl bromide 2a, the compound

3aa was thermally stable even with heating at 80 °C (Scheme 1g).

Based on our mechanistic studies and literature reports,*41*° a plausible catalytic cycle was proposed (Scheme
1h). First, the Pd"/L1 complex was reduced to Pd%L1,24¢ 2% followed by coordination and oxidative addition to
racemic heterobiaryl bromide la to form cyclopalladium species A and A’, which would undergo subsequent
epimerization to start the deracemization process of the substrate induced by the chiral ligand L1."! According
to previous studies, cyclopalladium A or A’ do not undergo carboxylation with CO, due to a high energy
barrier.*I?1 Therefore, in this case, they would undergo single electron induction to ArPd'L* species B and B’
by PC™™ (4CzIPN™), which was generated from the excited photocatalyst and DIPEA under visible light. During
this single electron induction process, epimerization may continue to proceed to realize a dynamic kinetic
asymmetric transformation. Upon generation of ArPd'L* (B and B’), coordination and migratory insertion with
CO; took place to afford carboxylic Pd' intermediate C since the ArPd'L* complex was reported as the active
species in Pd-catalyzed reductive carboxylation of aryl halides with CO,.* In our catalytic system, palladium()
carboxylate C would be trapped in situ by alkyl bromide 2a to afford ester 3aa immediately, otherwise it would
undergo racemization and the enantioselectivity would be eroded gradually. Meanwhile, the released Pd'L*

species was reduced to Pd°L* to close the whole catalytic cycle.
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(a) Effect of the ratio between Pd catalyst and photocatalyst on the reaction (b) Kinetic study
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Scheme 1. Mechanistic study.

Conclusion

In conclusion, we have established an efficient dual photoredox/transition metal catalytic system by combined
use of 4CzIPN and (R)-L1/Pd(acac),, facilitating the enantioconvergent cross-electrophile esterification of
racemic heterobiaryl bromides and alkyl bromides with CO;, for the first time. This methodology operates under
mild conditions, exhibits a wide substrate scope with exceptional compatibility for various functional groups, and
delivers axially chiral esters in good to high yields with excellent enantioselectivity. Mechanistic studies illustrate
the importance of both the photocatalyst and palladium catalyst, as well as the crucial role of their ratio in
attaining high yield and enantioselectivity. The kinetic study, radical clock reactions and control experiments
with different alkyl halides (Cl, Br, 1) all support the proposed mechanism wherein the reaction proceeds through
cascade asymmetric carboxylation followed by Sn2 substitution rather than a radical process. Moreover, the use
of an appropriate amount of alkyl bromide to trap the generated chiral carboxylic anion towards the formation of
a conformationally stable ester, improved both the yield and enantioselectivity. Further application of synergistic
photoredox and transition metal catalysts in asymmetric CO; transformations is currently ongoing in our

laboratory, and the results will be reported in due course.
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| Enantioconvergent synthesis of axially chiral esters with CO, W High yields and enantioselectivities

B Synergistic photoredox/palladium catalysis B Broad substrate scope B Mild conditions

An efficient synergistic photoredox/Pd catalysis was developed to realize the asymmetric cross-electrophile

esterification with CO,, affording a series of axially chiral esters in high yields with excellent enantioselectivities.

Key to success was the utilization of an appropriate amount of alkyl bromide to trap the generated chiral

carboxylic anion in situ towards the formation of a conformationally stable ester.

https://doi.org/10.26434/chemrxiv-2024-s9wwt ORCID: https://orcid.org/0000-0002-8548-6286 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-s9wwt
https://orcid.org/0000-0002-8548-6286
https://creativecommons.org/licenses/by-nc/4.0/

