RESEARCH ARTICLE

W) Check for updates

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Synergistic Copper-Aminocatalysis for Direct Tertiary
a-Alkylation of Ketones with Electron-Deficient Alkanes

Qi-Chao Shan, You-Wei Wu, Mu-Xiang Chen, Xuefei Zhao, Teck-Peng Loh,*

and Xu-Hong Hu*

In this study, a novel approach for the tertiary a-alkylation of ketones using
alkanes with electron-deficient C—H bonds is presented, employing a
synergistic catalytic system combining inexpensive copper salts with
aminocatalysis. This methodology addresses the limitations of traditional
alkylation methods, such as the need for strong metallic bases,
regioselectivity issues, and the risk of over alkylation, by providing a high
reactivity and chemoselectivity without the necessity for pre-functionalized
substrates. The dual catalytic strategy enables the direct functionalization of
C(sp®)—H bonds, demonstrating remarkable selectivity in the presence of
conventional C(sp?)—H bonds that are adjacent to heteroatoms or r systems,
which are typically susceptible to single-electron transfer processes. The
findings contribute to the advancement of alkylation techniques, offering a
practical and efficient route for the construction of C(sp?)—C(sp®) bonds, and
paving the way for further developments in the synthesis of complex organic

molecules.

1. Introduction

The presence of a larger fraction of sp*-hybridized carbons within
molecular structures is beneficial in drug discovery, prompting
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synthetic chemists to focus on the
complexity- and diversity-oriented syn-
thesis of sp’-rich scaffolds.!! The con-
struction of C(sp*)—C(sp®) bonds through
modular assembly offers a direct route to
increase the saturation of drug candidates.
Notably, C(sp*)—C(sp®) cross-coupling via
metal catalysis, enhanced by the advent
of new techniques (for selected reviews,
see ref. [2]), is recognized as an efficient
strategy to rapidly form such bonds.
However, this often requires substrate
pre-functionalization. A significant chal-
lenge in these processes is the unwanted
p-hydride elimination, particularly lim-
iting the use of bulky alkyl subunits.l®!
The introduction of cross-dehydrogenative
coupling (CDC) by the Li laboratory
presents an appealing approach for the
formation of C(sp’)—C(sp’) bonds,
emphasizing step- and atom-economy. This strategy facilitates
the abstraction of H-atoms from C(sp*)—H bonds through hydro-
gen atom transfer (HAT) processes, primarily targeting hydridic
and electron-neutral C—H bonds. Site selectivity in this method
is influenced by polar and enthalpy effects, especially favoring
C(sp’)—H bonds adjacent to heteroatoms,®! as well as those
in allylicl® and benzylic positions (Figure 1A)."! In contrast,
the oxidative functionalization of electron-deficient C—H bonds
with alkanes for dehydrogenative alkylation remains largely un-
explored, despite significant progress in the hydroalkylation of
alkenes.[®] This gap highlights an area ripe for development, of-
fering potential advancements in the synthesis of sp*-rich com-
pounds for pharmaceutical applications.

The a-alkylation of ketones via reactive nucleophilic enolates
represents a classic method for creating C(sp*)—C(sp?) bonds.[°!
Despite its widespread use, limitations such as the need for
strong metallic bases, issues with regioselectivity, and the risk
of overalkylation have restricted its practical applications. As an
alternative, a radical methodology utilizing bench-stable enols
and their analogs has been explored to achieve high reactivity
and chemoselectivity.['! Concurrently, enamine-mediated activa-
tion of ketones with electrophiles,'!l such as halides or Michael
acceptors (illustrated by the Stork enamine reaction),!'?] has of-
fered a reliable platform for the alkylation of carbonyl com-
pounds (Figure 1B). Notably, catalytic strategies developed by the
research groups of MacMillan!!*) and Melchiorre,'*] which in-
volve the single-electron transfer (SET) oxidation of enamines
derived from cyclic ketones and aldehydes, have also shown
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A. C(sp®)-C(sp?) bond formation from of C(sp®)-H bonds

oxidative coupling
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Figure 1. Oxidative alkylation of C(sp*)—H bonds through SET process.

promise. Those methods typically depend on pre-functionalized
substrates as alkyl radical precursors, including halides, N-
(acyloxy)phthalimide derivatives, and selenides.

An elegant umpolung strategy that utilizes oxidative coupling
of enamines with nucleophiles has enabled a-functionalization
of carbonyls through the formation of electrophilic iminium
ion intermediates.["! The concept of oxidative enamine cataly-
sis has introduced a novel reactivity mode for the direct func-
tionalization of C(sp?)—H bonds,!!%! facilitating the alkylation of
ketones. While SET oxidation of hydridic C(sp*)—H bonds for
ketone alkylation is established,!'”] direct coupling with simple
ketones and electron-deficient C(sp*)—H bonds remains a chal-
lenge. Moreover, the incorporation of a tertiary alkyl group to car-
bonyl compounds has emerged as a particularly difficult objective
in C(sp®)—C(sp?) cross-coupling reactions.'®! In the last decade,
the synergy between transition metal and aminocatalysis has
emerged as a potent strategy for ketone functionalization."”] In-
spired by the significant progress in radical enamine chemistry,
our laboratory envisioned that oxidative coupling of ketones with
C(sp*)—H bonds could be achieved through a HAT process, facil-
itated by suitable metal-organic cooperative catalytic systems. 2]

Recently, our team reported the oxidative alkylation of unsatu-
rated systems with 1,3-dicarbonyl compounds!?!! via the in situ
generation of a dicarbonyl radical.l??! Buoyed by the success-
ful formation of C(sp*)—C(sp?) and C(sp*)—C(sp) bonds, we ex-
plored whether this oxidative coupling strategy could be adapted
for the challenging formation of C(sp?)—C(sp®) bonds through
direct ketone functionalization. We describe a general method-
ology for the tertiary a-alkylation of ketones using alkanes with
electron-deficient C—H bonds, catalyzed by a combination of in-
expensive copper salts and aminocatalysis (Figure 1C). This dual
catalytic system circumvents the need for pre-functionalized sub-
strates as alkylating agents and achieves high selectivity, even
in cases where conventional C(sp*)—H bonds adjacent to het-
eroatoms or r systems are typically prone to undergo SET pro-
cesses. In addition, the cost-effective copper catalysis in the ab-
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Table 1. Optimization of reaction conditions.

CUCN (20 mol%)

(0] amine (x mol%)
. HXMe additive (50 mol%) —coset
EtO,C CO,Et  DTBP (3 equiv) CO,Et
H DMSO (0.1 M)

______ o NeTiSR 3
CNH Bn/NH <:/\NH Me—N_ NH OCNH <>NH
Bn
A1 A2 A3 A4 A5 A6

Entry?) Amine x [mol%] Additive T[°q Yield [%]?)
1 Al 50 FeCly 100 9

2 Al 50 AlCly 100 29

3 Al 50 BF;eOEt 100 0

4 Al 50 Zn(OAq), 100 31

5 Al 50 ZnBr, 100 28
6 Al 50 ZnCl, 100 43
79 Al 50 ZnCl, 100 12-23
89 Al 50 Zndl, 100 7-33
9 A2 50 ZnCl, 100 16
10 A3 50 ZnCl, 100 14
1 A4 50 ZnCl, 100 5
12 A5 50 ZnCl, 100 1
13 A6 50 ZnCl, 100 69
14 A6 20 Zn(Cl, 100 73
15 A6 10 ZnCl, 100 61
16 A6 20 ZnCl, 90 74
17 A6 20 ZnCl, 80 81
18 A6 20 Zndl, 70 53
19¢) A6 20 ZnCl, 80 84
200 A6 20 ZnCl, 80 67
21 A6 20 - 80 68
22 - - ZnCl, 80 0
238) A6 20 ZnCl, 80 0

% Reaction conditions: 1 (0.15 mmol), 2 (2.0 equiv), CuCN (20 mol%), DTBP (3.0
equiv), amine, additive (50 mol%), DMSO (1.5 mL), N,, 15 h; ® Isolated yields are

iven; 9 Other copper salts instead of CuCN; )Other solvents instead of DMSO;
912 h; "8 h; P Without CUCN or DTBP.

sence of ligand allows oxidative coupling of a range of enol deriva-
tives with tertiary C(sp®)—H bonds, further demonstrating the
potential of this approach for ketone alkylation.

2. Results and Discussion

We commenced the study by evaluating the oxidative alkylation
of acetophenone 1 with commercially available diethyl methyl-
malonate 2 as a radical precursor (as detailed in Table 1; also see
Tables S1-S10, Supporting Information). Initially, the alkylation
product 3 could be obtained in the presence of CuCN (20 mol%),
pyrrolidine A1 (50 mol%), FeCl; (50 mol%), and DTBP in DMSO
at 100 °C for 15 h. The presence of FeCl; as Lewis acid is pre-
sumed to promote the formation of enamine (entry 1). It was
subsequently determined that ZnCl, exhibited superior reactiv-
ity among some common Lewis acids (entries 2-6). Switching
other copper salts and solvents did not improve the isolated yield
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of 3 (entries 7 and 8). Next a systematic screening of bioisos-
teric amines was examined. Acyclic dibenzylamine A2 only gave
an inferior result (entry 9). Therefore, we focused our investi-
gation on diverse cyclic amines to develop a more effective cat-
alytic platform. It was of interest to find that the ring size of aza-
heterocyclic scaffolds had a significant effect on the coupling effi-
ciency. The employment of azetidine (A6) as a co-catalyst led to a
dramatic improvement in the yield of product 3 (entry 13). In con-
trast, six-membered aza-heterocyclic scaffolds, including piperi-
dine (A3), piperazine (A4), and morpholine (A5), proved to be less
effective (entries 10-12). In fact, the application of azetidines in
nitrogen-based enamine catalysis is relatively underexplored in
the literatures. The four-membered ring skeleton exhibits higher
catalytic efficacy, probably due to its inherent greater strain and
conformational rigidity, which results in a higher reaction rate
with 1 and a reduced steric congestion of enamine intermedi-
ate, making it more accessible to be attacked by electrophiles.!?3]
Encouraged by the high efficiency of azetidine, we explored the
possibility of reducing the aminocatalyst loading. To our delight,
a decrease to a 20 mol% loading of A6 led to 73% yield (entry
14). Further reducing the loading to 10 mol% was detrimental
to the efficiency (entry 15). In addition, evaluation of other reac-
tion parameters including temperature and time (entries 16-20),
revealed an optimal result with 84% isolated yield of the cross-
coupling product 3 (entry 19). It was observed that the presence
of Lewis acid had a substantial influence on the conversion (entry
21). Careful exclusion of either the aminocatalyst or the oxidant
completely impeded the reaction (entries 22 and 23). In total, the
optimized reaction conditions include a combination of CuCN
(20 mol%), A6 (20 mol%), ZnCl, (50 mol%), and DTBP in DMSO
(0.1 M) at 80 °C for 12 h.

Subsequently, we investigated the scope and selectivity of ter-
tiary functionalized alkanes bearing electron-deficient C(sp®)—
bonds by reacting with the model substrate (1) (Table 2). A diverse
range of a-substituted malonates readily participated in the oxida-
tive coupling to afford the g-keto malonates (4-13) in moderate
to good yields (65-81%). Noteworthily, many desirable functional
groups, such as alkyl, benzyl, ester, cycloalkyl, ether, alkenyl,
and alkynyl groups, could be installed on the chain at a-position
of malonates. In particular, the functionalization of C(sp®)—
bonds proceeded with specific chemo- and site-selectivity, even
in the presence of conventional C—H bonds that are susceptible
to HAT processes under oxidizing conditions. This is evidenced
by maintaining the exclusive selectivity among other C—H bonds
that are located at benzylic and allylic positions or adjacent to
oxygen atom. It is believed that the high site-selectivity, target-
ing electron-deficient C—H bonds to generate tertiary carbon-
centered radicals stabilized by SOMO-z delocalization and hy-
perconjugation, does not imply reactivity based on acidity, and
is instead governed by the enthalpy and radical philicity.**! The
diester moieties are not mandatory for the reactivity, as docu-
mented by the successful execution of other active methine sub-
strates including a-cyano ester (14), f-keto ester (15), malonon-
itrile (16), and 1,3-dione (17). Moreover, a variety of substrates
having biologically relevant (hetero)arenes including cyanoben-
zene (18), pyridine (19), thiophene (20), indole (21), carbazole
(24), and adamantine (25) moieties all were competent coupling
partners. Likewise, useful substituents such as fluorine (22) and
acetal (23) were also tolerated. These examples together with
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Table 2. Substrate scope of tertiary alkyl radical precursors?.

CuCN (20 mol%)

0 H A6 (20 mol%) o
. D ZnCl, (50 mol%) /lvEWG
H EWG EWG' DTBP (3 equiv) EWG'
1 tertiary alkanes DMSO (0.1 M) s s
(0.15 mmol) (1.5~2.0 equiv) Ny, 80 °C, 12 h  sp-sp” coupled products
o

~_Me ~_Et ~_Bn
= 5y X X X

i MeO,C CO,Me Et0,C CO,Et EtO,C CO,Et

1 4,81% yield 5, 80% yield 6, 72% yield®

KoLt /(\O SNA /(\D

EtO,C COEt EtO,C CO,Et EtO,C CO,Et EtO,C CO,Et
7, 71% yield 8, 65% vyield 9, 74% vyield 10, 70% yield
Me
\ R ~_Me
7(\/OTBS “ = Me 7(\ /<
EtO,C CO,Et EtO,C CO,Et EtO,C CO.Et “Me EtO,C CN

11, 71% yield 12, 70% yield 13, 72% yield 14, 75% yield

«_Me ~7<Me \KMe CN
EtO,C COMe NC CN MeOC COMe EtO,C COMe
15, 92% yield 16, 69% yield 17, 25% yield 18, 78% yield
=z | S A\ —
. X x N
N Ko KOowt
EtO,C COMe EtO,C COMe Et0,C COMe NC CN

20, 75% vyield

19, 72% yield
- 0
. X N
o
N KW Q Br NC CN

NC CN NC CN
23, 63% yield® 24, 66% yield><)

21, 70% yield 22, 66% yield®)

o

25, 65% vyield

? Unless otherwise noted, reactions were performed with 1 (0.15 mmol), tertiary alka-
nes (1.5 - 2.0 equiv), CuCN (20 mol%), A6b (20 mol%) ZnCl, (50 mol%), DTBP (3.0
equiv), DMSO (1.5 mL), N, 80 °C, 12 h; 2 90°C; 918 h.

complete regioselectivity highlighted the robustness of these dual
catalytic systems in accessing complex g-multifunctionalized ke-
tones, which are often elusive through conventional nucleophilic
substitution strategies with a-halocarbonyl compounds. The use
of diethyl malonates, however, did not result in the formation of
the desired product, indicating that this oxidative coupling oc-
curred exclusively at the methine site.[?]

We then moved our attention to explore the generality and
limitations of this cross-coupling reaction with respect to ketones
(Table 3). Acetophenone derivatives featuring electronically var-
ied substituents on the different positions of the phenyl ring were
efficiently coupled with 2, giving a series of the dehydrogenated
coupling products (26—45) in 50-89% yields. The introduction
of alkyl, ether, amine, halogens, cyano, ester, boronate, amide,
and acetal moieties on the aromatic ring was welltolerated, thus
paving an opportunity for further synthetic elaborations. More-
over, we found that the methylketone scope could be extended to
other aromatic systems, such as naphthalene (46), pyridine (47),
thiophene (48), and quinoline (49), delivering the corresponding
products in satisfactory yields. Of note, a good yield could be
obtained for methyl ketones featuring a styryl motif (50). In ad-
dition, the reaction was applicable to other enolizable aryl acyclic
and cyclic alkyl ketones, successfully yielding the a-branched
C(sp’)—C(sp®) coupled products (51-53) in synthetically
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Table 3. Substrate scope with regard to ketones?.

www.advancedscience.com

o)
. HXMe CUuCN (20 mol%), A6 (20 mol%) Q  Me
EWG EWG' 0 - o EWG
H ZnCl, (50 mol%), DTBP (3 equiv), EWG'
ketones tertiary alkanes DMSO (0.1 M), N2, 80 °C, 12 h
(0.15 mmol) (2.0 equiv) sp®-sp? coupled products
O Me Me O Me O Me (0]
A-CO,Et A—coEt A-co,Et A—coEt _—co,Et
CO,Et CO,Et CO,Et " CO,Et CO,Et
Me By MeO °N cl
26, 88% yield 27, 82% yield 28, 89% yield Me 29, 50% yield 30, 78% yield
O Me Me Me O Me O Me
A-co,Et —co,et A—co,Et —co,Et _A-co,et
CO,Et CO,Et CO,Et CO,Et CO,Et
Br NC FsC MeO,C Bpin
31, 72% yield 32, 74% yield 33, 70% yield® 34, 71% yield® 35, 75% yield”
o e Me O Me F Me
COzEt Br /JTCOZEt MeO /JQ—COZEt AcHN _—CO,Et /»ECOZEt
CO,Et CO,Et CO,Et CO,Et CO,Et
36, 81% yield 37, 75% yield 38, 71% yield® 39, 79% yield 40, 69% yield
OMe O Me 0O Me O Me 0 Me
COzEt Br —co,et Me /JVCOzEt F _A—CO,Et COzEt
COzEt CO,Et CO,Et CO,Et < COzEt
MeO cl
41, 54% yield® 42, 75% yield® 43, 71% yield? g 44,66% yield” 45, 71% yield

O Me

COzEt AN /JvcozEt
" CO,Et |
N

CO,Et
46, 77% yield® 47, 76% yield

O Me

Lcn
COzEt CO,Et
Me

51, 59% yleld”) 52, 45% (65%) yield?

dr.=1.1:1 dr. =1.1:1
O  Me Me Me
Me Me ; COMe
CO,Et o
0 0
o
z (0
e
o)
56, 87% yield, d.r. = 1:1 _m"e
from L-menthol
O Me
,/JVCOzEt
H CO,Et
Et0,C. _N 2 EtO;
Me O

60, 83% yield
from DL-alanine

COzEt
CO,Et

48, 75% yieldd

COzEt
CO,Et

ot

49, 74% yield

O Me

~—C
)%OZNEt /\)k/ CN
CO,Et

53, 39% (58%) yield®" 54, 329 yield")

57, 90% yield, d.r. = 1:1 58, 83% yield

from diacetone-D-glucose SyMe from nerol
Me
O Me
//JvCOzEt
H CO,Et H
C. .N 2 MeO,C. N

. oy

61, 83% yield
from L-phenylalanine

50, 69% yield®

(0] Me
Ph_~ I _A-cn
CO,Et

55, 35% yield"

d.r. =2.8:1
----- complex molecules ~==---=====---mmssmmmme oo mmmes o mm oo
g Me i COMe B Mecom
/fijOMe ~ CO.Et Y co Ete

CO,Et o 2 2
Me. _~ (0}
M
© Me

59, 70% yield
from celestolide

Me 62, 84% yield, >99% ee

from L-leucine

% Unless otherwise noted, reactions were performed with ketones (0.15 mmol), tertiary alkanes (2.0 equiv), CuCN (20 mol%), A6 (20 mol%), ZnCl, (50 mol%), DTBP (3.0

equiv), DMSO g .5mL), Nz, 80°C, 12 h. Isolated yields are reported. Yields in parentheses are based on revovered starting materials. The value of d.r. was determined by 'H

NMR analysis; 75 °C; 90 °C; 9100 °C;
DTBP at 60 °C for 24 h; )Wlth 40 mol% A6 for 24 h;

Adv. Sci. 2024, 2402255

Usmg tertlary alkane (0.15 mmol) and ketone (3.0 equiv) for 24 h;
Usmg tertiary alkane (0.15 mmol) and ketone (2.0 equiv) at 70 °C.

2402255 (4 of 7)

) With 40 mol% A6 for 18 h; © With 40 mol9% A6 and 7 equiv
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Table 4. Exploration of oxidative coupling of enols or their equivalents with
C(sp®)—H bonds?.

Le H CuCN (20 mol%) o]
<. ) _2nCh (50 mol%) ))\IQEWG
EWG EWG DTBP (3 equiv) EWG
DMSO (0.1 M)
(2.0 equiv) (0.15 mmol) N2, 80 °C, 18 h sp®-sp? coupled products

. 5 o h@
1 A—CO,Et
N N OAc | / 2
©)L O ©)L /j) : COZEt

3
57% yield gfrom 1a)
51% yield® (from 1b)
73% yield® (from 1c)
' 89% yield (from 1d)
! 87% yield Sfrom 1e)
! 74% yield® (from 1f)

o
oTBS oTBS 0
COQEt % CO,Et

CO,Et
53, 60% yield 63, 28% yield

A= .
oTBS j\/\ '\J"; QTBS M@
_A—CO,Et
A~ _A—CO,Et . 2
PhN\ Ph COEt @ Z) CO,Et
o)
ZIE =1.3:1 64, 60% yield 65, 54% yieldd)
OTBS Me
—co,Et
CO,Et

Me %cozEt oTBS
CO.Et
o

66, 65% yleld

be

67, 42% yield

?Unless otherwise noted, reactions were performed with tertiary alkanes
(0.15 mmol), alkenes (2.0 equiv), CuCN (20 mol%) ZnCl, (50 mol%), DTBP (3.0
equiv), DMSO (1.5 mL), N,, 80 °C, 18 h; 24h 1100 °C; Using 3.0 equiv enol.

useful yields. Then, we turned to examine the reactivity of
more challenging dialkylketones. Delightfully, even unactivated
methyl ketones were found to be compatible with the oxidative
coupling process, delivering the alkylated products (54 and
55) at less hindered sites, albeit with somewhat reduced yields
under slightly modified reaction conditions. Lastly, to showcase
the general applicability of our protocol, we applied the reac-
tion to a number of complex bioactive molecules, including
1-menthol (56), diacetone-p-glucose (57), nerol (58), celestolide
(59), and several amino acid derivatives (60-62). These tertiary
a-alkylation reactions of ketones proceeded smoothly under the
standard conditions, allowing for the installation of the multiple
functionalities on the substrates without adversely affecting the
reaction efficiency.

Based on the fruitful results of enamine catalysis for this newly
developed radical alkylation of ketones, we envisioned an ex-
tended strategy where enamines or their equivalents could serve
as radical acceptors to facilely implement the construction of
C(sp®)—C(sp®) bonds with electron-deficient C(sp?)—H bonds.
More importantly, if successful, this approach would not only en-
rich the existing oxidative cross-nucleophile coupling reactions,
but also provide a new route to diverse dioxygenation frameworks
that are otherwise inaccessible by direct functionalization of ke-
tones. To validate this concept, a variety of enolate derivatives
(1a—1e) were readily prepared from acetophenone and subjected
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O Me
OH Me OH  \apH, LiCl, H,0

oy E2O.15h ‘ ‘DMSO,‘WO °C, 18 h

CO,Et

68, 90% yield O Me 70, 71% yield
COR
QMOZR Q
Q Me 3or4 (¢} Me
COH CO,Me
COH  [ioH (aq.) NaBH,

69, 95% yield EtOH. ™ 10h  MeOH,-20°C, 2h 71, 78% yield

Scheme 1. Post synthetic modifications.

A. Radical trapping experiment
(e} standard

H o Me conditions %jﬁ 3
* Et0,C CO.Et  TEMPO 6 Me <not detected)
H (1.0 equiv) /<

Et0,C CO,Et

1 2 72, 13% yield

B. Evaluation of enamine catalysis

CUCN (20 mol%)
ZnCl, (50 mol%)

Me
e B E
@ Et02C CO,Et ~ DTBP (3 equiv) COEt
DMSO (0.1 M
QM) 3, 60% yield
N, 80°C, 12 h )
(w/o ZnCl,, 33% yield)

CuCN (20 mol%) 0 Me
ZnCl; (50 mol%)
Me A1 or1g (20 mol%) ; t goétEt
DTBP (3 equiv) 2

DMSO (0.1 M) 3
with A1, 63% yield
with 19, 58% yield

EtOZC CO,Et
1 N,, 80°C, 12 h

Scheme 2. Mechanistic considerations.

to the oxidative conditions with the omission of an amine catalyst
(Table 4). Gratifyingly, the desired product 3 could be produced
with enamines (1a and 1b), vinyl acetate (1c), and silyl enol ethers
(1d—1e), where the use of 1d bearing a TBS group gave the best
result. Inspired by these findings, we extended the investigation
to silyl enol ethers derived from less reactive ketones, such as
1-tetralone and cyclopentanone. Both examples gave promising
results (53 and 63), contrasting with the previous dual catalytic
systems by which the use of cyclopentanone as the substrate re-
sulted in only a trace amount of the coupling product.?*] More-
over, dienol ethers proved to be viable substrates for this cou-
pling, furnishing y-substituted enones with a quaternary carbon
center (64—67). These structures are extremely difficult to access
by existing synthetic methods.2°]

To illustrate the synthetic utility of this developed protocol, a se-
ries of post-synthetic transformations of the product were carried
out (Scheme 1). The diester moiety present in product 3 was read-
ily modified through reduction and hydrolysis to afford valuable
1,3-diol 68 and 1,3-dicarboxylic acid 69, respectively. Selective de-
carboxylation took place in the presence of LiCl and water to yield
y-keto ester 70. Interestingly, selective reduction of the product 4
using NaBH, at low temperature gave y-lactone 71, which has
great relevance to natural products and bioactive molecules.[”]

Several preliminary mechanistic experiments were performed
to elucidate the catalytic pathway. The addition of an equimo-
lar amount of TEMPO (2,2,6,6-tetramethyl-1-piperidi-nyloxy), a
renowned radical scavenger, completely inhibited the oxidative
coupling (Scheme 2A). Instead, the TEMPO-methylmalonate
radical adduct 72 was formed, implying the intermediacy of a
tertiary carbon-centered radical species in the process. Endeav-
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Figure 2. Plausible catalytic pathway.

ors to synthesize an azetidine-derived enamine met with failure.
Instead, pyrrolidine-derived enamine 1 g could be handled on
the benchtop and was subjected to the standard conditions, giv-
ing rise to the formation of the desired product 3 in 60% yield
(Scheme 2B). The omission of ZnCl, resulted in the reduced yield
(33%) of 3, which is consistent with our previous observation.
The model reaction by employing pyrrolidine (A1) or enamine
(1 g) as the co-catalyst led to comparable yields of 3. These com-
bined results revealed that the in situ generated enamine was
the crucial intermediate to participate in the C(sp*)—C(sp®) bond
forming step of the oxidative coupling.

On the basis of the above experimental observations and lit-
erature precedents,!1%?2] a plausible mechanistic pathway is pro-
posed in Figure 2. Initially, Cu(I) is thought to catalyze the dis-
sociation of DTBP for the generation of the tert-butoxyl radical
and the tert-butoxyl anion.[?®] The highly potent tert-butoxyl rad-
ical then participates in a HAT process with an alkane tethering
an electron-deficient C(sp?)—H bond to form a tertiary carbon-
centered radical species I. Of note, the coordination of Lewis acid
with the 1,3-diesters of malonates can form an enolate, which
might facilitate the formation of the tertiary carbon-centered rad-
ical species through a sequential deprotonation and SET event.
We can not preclude the possibility of this alternative radical
generation pathway at current state. Concurrently, Lewis acid-
mediated condensation between ketone and azetidine occurs to
give enamine intermediate II. The addition of radical I to the tran-
siently generated enamine leads to a-amino radical III, which is
then oxidized by Cu'" salt to afford iminium ion IV through a
SET process. It can be rationalized that the presence of aromatic
or vinyl substituents is beneficial to the stabilization of these in-
termediate species. Finally, the hydrolysis of the resulting inter-
mediate IV furnishes the a-alkylation ketone product along with
the regeneration of the aminocatalyst to close the catalytic cycle.

3. Conclusion

In conclusion, we have developed a radical oxidative cou-
pling of ketones with tertiary alkanes bearing electron-deficient
C(sp®)—H bonds by merging the concepts of transition metal,
organocatalysis, and Lewis acid. Under the dual catalytic systems,
this approach enables the direct forge of C(sp*)—C(sp?) through
a CDC-type process that circumvents the prerequisite for using
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pre-functionalized substrates, giving rise to a diverse spectrum
of tertiary alkylated ketones. The methodology has an excellent
functional group compatibility and exhibits a broad substrate
scope with respect to the functionalized alkanes and ketones. Fur-
thermore, the oxidative functionalization proceeds with exclusive
regiocontrol, completely eluding the direct oxidation of conven-
tional reactive C(sp*)—H bonds. In addition, the protocol can be
extended to various ketone-derived nucleophiles, further ensur-
ing broad applicability of subtrates. Mechanistic studies reveal
the existence of a tertiary carbon-centered radical species in the
reaction. We anticipate versatile C(sp*)—C(sp?) construction with
hydrocarbon feedstocks by environmentally benign and mild ox-
idative strategies and the development of their asymmetric vari-
ants in the future.
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