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C(sp3)—H bond functionalization is a powerful strategy for the synthesis of organic compounds due their abundance in simple starting materials.
Photoredox catalysis has led to a diverse array of enabling C(sp3)—-H activation strategies; however, the direct functionalization of C(sp3)-H to
carboxylic acid derivatives remains underexplored. Disclosed herein is the development of a cooperative NHC/photoredox-catalyzed C(sp®)-H
esterification transformation. This method enables access to benzylic, a—heteroatom, and formal B-esterification products in good to excellent

yields under mild reaction conditions.

A. High-value carboxyl derivatives ———
HO,

Introduction
MeO_O
Carboxylic acids and their derivatives (e.g., esters, amides) are é
ubiquitous in biology, playing important roles in facilitating protein (I> 43\ —Ph
synthesis,! regulating lipid homeostasis,2 and mediating cellular

signaling pathways.3 Beyond natural systems, these related

functional groups are valuable synthetic handles* and as such, have clopidogrel pilocarpine lonazolac

demonstrated utility in pharmaceuticals,> polymers,® and platelet inhibitor antiglaucoma anti-inflammatory

agrochemicals (Figure 1A).7 With such widespread applications, the B. Radical-mediated carboxylation

selective incorporation of carboxyl moieties from activated C—H CO,

bonds offers a promising, streamlined strategy to access these HOC

valuable carbonyl-containing groups. Despite the tremendous o ) /5 — % @g—com

advancements in C-H functionalization,® the direct C(sp3)-H o JL HAT | ) X

carboxylation remains a challenging transformation. ° intarmediate limited to C(sp?) reactive partners
The recent resurgence of photochemistry has driven the target transformation our approach: C(sp®)-H functionalization

discovery of new bond disconnections not accessible through o o

traditional two-electron pathways.? In particular, the development )I . o \,)20121 ‘\/Q(O — H

of photochemical methodologies utilizing C1 sources (e.g., CO,, RO AN g ( -H* )\O

HCOO") to readily access carboxylic acid functionalities has garnered J\O & Mes

significant  attention. Contemporary photochemical radical NHC catalysis  C-H activation

carboxylation strategies typically operate via the challenging direct C. This work: direct C(sp®)-H carboxylation

reduction of CO, (Ey2 = —=2.21 V vs SCE)© or hydrogen atom

abstraction from formate salts to access a highly reactive CO;~ H o) m 7

intermediate. The nascent CO,~is well-documented for its reactivity J\O * )J\ — \F’_C/ fLOR

in undergoing radical addition into activated and unactivated alkenes RO LG

exemplified by the elegant work of Wickens,! Yu,12 and others  formal B-C(sp®)-H  ® benzylic C(sp’)-H W a—heteroatom W up to 96% yield

(Figure 1B).13 Similarly, the closely related alkoxycarbonyl radical has 24 examples 12 examples 3 examples

been accessed through a variety of activation methods including  Figure 1. (A) Examples of valuable carboxyl derivatives; (B) Radical-mediated
single-electron activation of radical precursors,'* triplet energy carboxylation strategies and our design; (C) Dual NHC/photoredox C(sp3)-H
transfer to oximes,’> and hydrogen atom abstraction of alkyl esterification.

formates!® for radical esterification. However, these strategies rely
on transient carboxyl radical intermediates limiting their reactivity to

sp2-hybridized systems (e.g., radical acceptors). In comparison, the
direct carboxylation of C(sp3)-H coupling partners is rather
underdeveloped.

In 2015, the Murakami group disclosed an ortho-directed
benzylic C(sp3)-H carboxylation proceeding through an o-
quinodimethane intermediate.l” Later, they developed a copper-
catalyzed allylic C(sp3)-H carboxylation,’® and a nickel-catalyzed
benzylic and aliphatic carboxylation.® In 2017, the Jamison group
developed an a—amino carboxylation process operating through the
challenging reduction of carbon dioxide.? Despite the utility of these
strategies, they are reliant on activation by UV irradiation, often
require a metal catalyst, and in some instances, need significant
substrate loading to mediate the process. To address these
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limitations, the Konig group developed the first visible-light
mediated C(sp3)-H benzylic carboxylation by a photoredox-thiol
manifold to access a carbanion for carboxylation with CO,.21 While
this strategy is enabling, it generates a highly reactive carbanion
intermediate thereby potentially limiting its utility in complex
molecule synthesis. Consequently, the development of a milder
radical cross-coupling process would provide access to broader
substrate classes and corresponding products.

Over the past five years, our group along with the groups of
Ohmiya, Studer, Chi, and others have focused on the development of
NHC-catalyzed radical reactions to form carbon-carbon bonds.22 In
2019, the Ohmiya group was the first to achieve efficient radical
cross-coupling through a single-electron oxidation of the Breslow
intermediate with redox-active esters to afford ketone products.?3
Shortly thereafter, our group?* and Studer’s group?® independently
accessed azolium-ketyl radicals via photocatalytic single-electron
reduction to access ketones and PB-trifluoromethylketones,
respectively. Following these reports, NHC-stabilized ketyl radicals
have been leveraged in various two-component and three-
component manifolds to access diverse ketone products. In contrast,
the development of NHC-stabilized radicals to access other carbonyl
functionalities is significantly less established. Recently, our group
was the first to explore azolium-stabilized alkoxycarbonyl radicals to
afford challenging carboxylated products.26 However, the laborious
pre-functionalization of benzylic radical sources (e.g., potassium
trifluoroborate salts) and stoichiometric azolium esters were
required to enable the photocatalyzed two-component radical cross-
coupling. In contrast, there are limited reports of an organocatalytic
radical cross-coupling of alkoxycarbonyl radicals with carbon-
centered radicals derived from C(sp3)—H bonds.

Building on the developing area of carbene-stabilized single
electron species, we questioned whether NHC-stabilized
alkoxycarbonyl radicals generated in situ could enable the direct
carboxylation of simple C(sp3)—H bonds previously inaccessible with
transient carboxyl radical intermediates (vide supra). Inspired by
recent work in photoredox C-H activation,8 we sought to develop a
selective carboxylation directed by inherent redox properties of
specific functional groups. In our proposed reaction design, we
hypothesized that a variety of electron-rich substrates could undergo
single-electron oxidation by a photocatalyst and subsequent
deprotonation by a mild base to access carbon-centered radicals. In
a connected process, the NHC catalyst can be carboxylated in situ
with pyrocarbonate and undergo a single-electron reduction thereby
closing the photocatalytic cycle. The ensuing NHC-stabilized
alkoxycarbonyl radical could undergo selective radical cross-coupling
with transient carbon-centered radical partners to afford
carboxylated products.

Results and discussion

We commenced our investigations of the direct carboxylation with
silyl enol ether (1a) as our model electron-rich substrate and diethyl
pyrocarbonate (2a) as our carboxyl source. Due to the high oxidation
potential of 1a (+1.52 V vs. SCE, See Sl for CV experiments) along with
various silyl enol ethers, a strongly oxidizing photocatalyst was
imperative for reaction success. As a result, we initially surveyed
3CzCIIPN (*Eyppred = +1.56 V vs. SCE),27 for its high excited state
oxidation potential to effectively generate the silyl enol ether radical
cation intermediate. Additionally, NHC-1 was selected as the initial

NHC catalyst due to its previous reactivity in NHC radical catalysis.2®
To our surprise, these initial reaction conditions provided the desired
product in 65% yield by 'H NMR spectroscopy (Table 1, Entry 1).
Notably, no a-carboxylation was detected, and we suspect this is due
to a polarity mismatch as only highly electrophilic radicals (e.g.
trifluoromethyl & trifluoromethoxyl radicals)?® have demonstrated
reactivity with silyl enol ethers. Additionally, no double addition
products were observed. We hypothesize this is due to an increase
in oxidation potential in the product, thereby preventing a second
oxidation. Subsequent photocatalyst screening with other highly
oxidizing organophotocatalysts 4CzIPN (*Eq/,"¢d = +1.43 V vs. SCE) and
5CzBn (Ei, = +1.41 V vs. SCE)?’ resulted in diminished product
formation likely due to a slow oxidation of 1a (Table 1, Entries 2-3).
Switching the reaction solvent from acetonitrile to dichloroethane
resulted in diminished reactivity and unreacted starting material
(Table 1, Entry 4).

Table 1. Optimization of Reaction Conditions

NHC-1 (20 mol%)

OTIPS s o 3CCIPN (25 mor%) omes
K2003 (20 mol%)
AL
EtO” "O” "OEt  MeCN (0.10 M) OEt
427 nm, 18 h
1a (0.1 mmol) 2a (2.0 equiv.) 3a o
entry deviation from standard Yield (%)(al
1 none 65
2 4CzIPN instead of 3CzCIIPN 38
3 5CzBN instead of 3CzCIIPN 38
4 DCE instead of MeCN 23
5 Cs,CO; instead of K,CO3 47
6 1,3,5-collidine instead of K,CO3 0
7 x equiv. 2a (1.0, 2.0, 3.0) 43, 651, 63
8 x mol% K,COj (20, 40, 60) 65, 77, 72
9 NHC-2 instead of NHC-1 79
10 NHC-3 instead of NHC-1 0
1 NHC-4 instead of NHC-1 0
12 NHC-2, 40 mol% K,CO4 89
S —N © SERO
@:N\ BF, N/_ \ I | /> ClO,
NshMes  Me” "~ Me N®
DIPP
n=1 NHC-1
n=2 NHC-2 NHC-3 NHC-4

[a] 'TH NMR yield of crude mixture with 1,3,5-trimethoxybenzene as
a standard. [b] Average yield over three experiments.

Substituting K,CO; with Cs,CO; provided a decreased yield, and
replacement with an organic base resulted in no product formation
(Table 1, Entries 5-6). Investigating the loading of diethyl
pyrocarbonate and K,CO3; demonstrated that 40 mol% base loading
with 2.0 equivalents of 2a provided optimal product yields (Table 1,
Entries 7-8). Given the proposed reaction requires both the
deprotonation of the NHC and oxidized substrate 1a, we suspect the
alkoxide byproduct generated from the NHC addition into the
pyrocarbonate may facilitate these deprotonation processes (Figure
4). Furthermore, the replacement of NHC-1 with NHC-2 resulted in a
significant increase in yield (Table 1, Entry 9). In contrast, no product
formation was detected when NHC-3 and NHC-4 were employed
(Table 1, Entries 10-11). Additional increases in yield were achieved
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Table 2. Formal B—Carboxylation Substrate Scope.

OTIPS NHC-2 (20 mol%)
o o 3CzCIIPN (2.5 mol%) oTIPS o
X H o+ )j\ )]\ K>CO3 (40 mol%) S o TBAF o
RO™ 0" “OR MeCN (0.1 M) 0°C,05h
427 nm, 18 h, 1t OR OR
1 (0.3 mmol) 2 (2.0 equiv) 4
(o] o] (0] Me
4a, R = Et, 75% Q
4b, R = Me, 81% o OEt
O 4c,R=t-Bu, 68% Pr
OR OFt Me Ot NPhth OEt °
4d, 74% 4e, 61% 4f, 73% 4g, 58% 4h, 62%
Me Me Me
(0] o] (0] OMe O
OEt OEt OEt
t+Bu Cl
4i, 61%2 4j, 64%P 4k, 47%2° 4l, 66%2 86%¢
Me
Me o Me o] o (¢]
Me O 0 o 0 o o
OO (
Me  OEt OEt
Ot OEt OEt EtO o (0]
4n, 44%2 40, 62% 4p, 34%f 4q, 84% 4r, 73% 4s, 84%P4
from silyl ketene aminals
Me
M E
) ° o) Me o) j\ojit
N (o]
| A o <o o MQ\Q Q?‘ Ph
— OEt _
MeO N OFt [¢] OFt Me
4t, 85%24 4u, 44%"P4 4v, 77%P, 4w, 64%>° 4x, 70%P9

from diflunisal

[a] 5 equivof2[b]3equivof2[c]48h[d]6h[e]4h[fl3h[g]2h
by screening NHC-2 with optimal NHC-1 condition (Table 1, Entry 8)
providing an excellent 89% NMR yield (Table 1, Entry 12).

With optimized conditions in hand, we began evaluating the
formal B-esterification substrate scope (Table 2). First, the optimized
substrate 1a was well-tolerated and isolated in high yield upon work-
up to afford 4a. The replacement of 2a with dimethyl pyrocarbonate
and di-tert-butyl dicarbonate afforded desired products (4b-4c) in
moderate yields. Different ring sizes (4d-4e) were also tolerated in
moderate to good yields. 4-Substituted cyclic silyl enol ethers
afforded the esterified products 4f and 4g in moderate yields with
the trans diastereomer as the sole product. A series of acyclic aryl-
substituted silyl enol ethers were successfully employed with
electron-donating or electron-withdrawing substituents, providing
the corresponding products (4h-4v) in moderate to excellent yield.
Strongly withdrawing aryl functionalities (e.g. 4-CFs, 4-OCFs, 3- Br)
were low yielding or not productive in this methodology, likely due
to a challenging initial oxidation to the radical cation due to an
increase in oxidation potentials (See S| for unsuccessful substrates).
On the other hand, we were delighted to discover pyridine-
containing enol silane (4t) and silyl ketene aminals (4w & 4x) were
efficiently converted to formal B-esterified products, demonstrating
the ability to functionalize heterocyclic-containing substrates and
provide access to succinamic ester building blocks. To demonstrate

the applicability in a late-stage functionalization setting, a diflunisal
(an anti-inflammatory drug) derivative was successfully transformed
to the desired y-ketoester product 4v under our optimized
conditions.

Figure 2. Scalability & Further Transformations

0
NaBH, o Me
MeOH
Me Ph
o 5a, 89%,
o —1| 1.9:1 cis:trans
Ph
OFEt H
4i, 49% yield NLH _N._0O
1.0 mmol —on |
i-PrOH Me
Ph
5b, 99%

To demonstrate the scalability of our reaction, silyl enol ether
1g was efficiently converted to the desired ester 4i in 49% yield on a
1.00 mmol scale (Figure 2). Next, we selected product 4i to showcase
the synthetic utility of y-ketoesters. Borohydride reduction and
subsequent intramolecular cyclization of 4i provided a functionalized
y-butyrolactone derivative 5a, a widely known structural moiety with
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Table 3. Benzylic & a-Heteroatom C(sp3)—H Substrate Scope

/‘ [i \(H o) fo)
o ' EtoJ\oJ\oa

Journal Name

NHC-2 (20 mol%) o
3CzCIIPN (2.5 mol%) P o
K5COj3 (40 mol%) | | ) (,X \)koa
E !

MeCN (0.1 M) -
(X=N,S) 427 nm, 18 h, rt (X=N,S)
1 (0.3 mmol) 2a (5.0 equiv)
benzylic
O+ _OFEt O+ _OFEt EtO.__O
OEt
M m Me
e
R NeechN
eO MeO o
EtO
6a, 83% 6b, 44% 6c, 47%" 6d, 94%2 6e, 75% 6f, 96%
a—heteroatom allylic
EtO_ _O Me 2
o) Ph
OFt )’( 0. _OEt £ 2
= OEt N o OH Ph
N Bn O = OEt
o MeO N Y/ s Ph Ph Me
H ®
69, 56%2 6h, 81% ORTEP of 6h 6i, 47%° 6j, 54%° 6k, 74% 61, 69%°
biomolecules
EtO cl
Et0.__O EtO.__O
200, . - ;
ILI\\OAC N MeO
Boc Me
COOMe E0” Y0 Ac0” > Noac
: MeO MeO
Me Me OAc
6m, 55%P 10:1 rr 6n, 46%°,1.1:1 dr 60, 52%° 6p, 96%2
from gemfibrozil from dapagliflozin from tyramine from zingerone
[a] 3 equiv of 2a [b] 48 h
pharmaceutical activities.30 Furthermore, treatment of 4i with —————— A Control experiments
hydrazine afforded the corresponding functionalized 4,5- OTIPS Sé‘"'lctﬁpzl\lﬁ(g fsnol"/‘l’)/) OTIPS
. . o . . 74 mol%,
dihydropyrazinone 5b, a core motif in various natural products,3! in )J\ )k _ K,CO5 (40 mol%)
99% yield. OEt ™ MeCN (0.10M) OEt
X i . 427 nm, 18 h

Following the exploration and establishment of a formal B- (0.1 mmol) (ZOBCIUIV) o
esterification strategy, we sought to extend this method towards 1a 3a
different substrate classes to establish broad utility to various C(sp3)— @ @ @ @

H sources. Inspired by previous works in benzylic C(sp3)-H - - — ~
functionalization,32 our initial investigations began with 4- 3% 0% 0% 0%

. o Lo g ) g . B. Radical trapping experiment
substituted anisole derivatives. To our delight, 4-ethylanisole oTIPS
furnished site-selective benzylic esterified product (6a) in high yields,
although an increased diethyl pyrocarbonate (5.0 equiv.) loading was TEMPO
required to promote the full consumption of 4-ethylanisole 1a __(@0equy)

R X ) ! 'standard conditions
Furthermore, 4-methylanisole and 4-isopropylanisole were
converted to the desired products (6b & 6c), demonstrating the detec,ed[M+Hr 0%
ability to tolerate primary and tertiary radical intermediates, albeit in by HRMS )
reduced yields. Other various alkoxy-substituted arenes proceeded C. Stern-Volmer fluorescence quenching
with good efficiency (6d-6f). Notably, benzofuran (6g) and 1a 2a % .
quinolone-containing (6h) substrates underwent the desired - - "
benzylic esterification in moderate vyields. Electron-rich a- o .
heteroatom-containing substrates were tolerated, providing access N
to a-amino and a-thiyl esters (6i-6k). A tetrasubstituted alkene was RO ’\} /) 3
converted into the allylic esterified product in moderate yield (6l). Mes’® N ©BF, Y :“:?12";;;”‘

To exemplify the feasibility of our strategy in drug discovery, v " : v

we pursued the late-stage benzylic functionalization of - Yow oz s om s o ow sa  om o

pharmaceuticals and relevant biomolecules. Gemfibrozil, a lipid-
lowering drug, was functionalized with excellent regioselectivity for
the ortho-benzylic position, and dapagliflozin, a drug used to treat

[Quencher] (M)

Figure 3. (A) Control reactions for C(sp3)—H carboxylation; (B) Radical
trapping experiment; (C) Stern-Volmer quenching experiment.
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type 2 diabetes, was functionalized with benzylic site-selectivity in
46% vyield (6m & 6n). Next, a tyramine derivative was efficiently
converted in 52% vyield to provide 60, and zingerone, a naturally
derived antioxidant found in ginger, provided the desired ester 6p in
an excellent 96% vyield.

After establishing this dual catalytic process, we turned our
attention towards gaining a mechanistic understanding. Our initial
control experiments omitting photocatalyst, NHC, base, or light
resulted in trace to no product formation, thereby supporting the
necessity for each of these reaction components for the desired
reactivity (see Sl for benzylic reaction controls). Next, a radical
trapping experiment was performed with an excess of TEMPO (2.0
equiv). The expected ester TEMPO-adduct was observed via ESI-
HRMS, and product formation was fully suppressed, further
supporting a radical-based mechanism (Figure 3B). Stern-Volmer
fluorescence quenching experiments revealed silyl enol ether (1a)
quenches the photocatalyst at a much higher rate than the azolium
ester (V), suggesting the photocatalytic cycle operates through a
reductive quenching pathway (Figure 3C). However, the azolium
ester (V) did demonstrate photocatalyst quenching; therefore, we
cannot rule out the possibility of an oxidative quenching as an
operative photocatalytic pathway.

NHC-2

R @
o N
ROJ\OJ\OR
V||| %
N‘N
co, + RO

o)
N
NHC RO )
catalysis N—
Mes” ® N eBF4
Vi vV, [XRD]

H
|
N ’J\+.)\O
base N
n Lo

Figure 4. Proposed mechanism for the C(sp3)—H carboxylation.

With the results of our mechanistic studies, our proposed
mechanism is illustrated in Figure 4 using a generic C(sp3)—H (1) as our
substrate and a generic pyrocarbonate. The photocatalytic cycle
commences with a single-electron oxidation of an oxidizable C(sp3)—
H substrate (I) to form the radical cation intermediate (Il), which
upon deprotonation generates the carbon-centered radical coupling
partner (Ill). The NHC catalytic cycle begins with deprotonation of
NHC-2, generating the reactive carbene intermediate (IV).
Nucleophilic addition to a pyrocarbonate affords the azolium ester
intermediate (V). Single-electron reduction of V closes the
photocatalytic cycle and affords the NHC-alkoxycarbonyl radical
intermediate (VI). Cross-coupling between VI and Il results in a

tetrahedral intermediate VII. The fragmentation of VII closes the
NHC catalytic cycle to afford the desired ester product (VIII).

Conclusions

In summary, we have developed a dual NHC/photoredox
approach for the direct esterification of various C(sp3)-H bonds. A
broad range of active C—H bonds including B-keto, benzylic, and a-
heteroatom C(sp3)-H bonds were amenable reaction partners,
enabling rapid access to synthetically useful carbonyl-containing
compounds with a high degree of structural variability. In
comparison to other contemporary radical carboxylation
methodologies, the NHC-stabilized alkoxycarbonyl radical approach
demonstrates complementary reactivity by facilitating a metal-free
radical cross-coupling process and extending radical carboxylation
methodologies to sp3-hybridized coupling partners. The exploration
of an enantioselective version, and the incorporation of this strategy
towards complex molecule synthesis is currently underway.
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