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ABSTRACT: A catalytic carboxylation of the allylic C(sp®)-H
bond of terminal alkenes with CO, was developed with the aid of
a cobalt/Xantphos complex. A wide range of allylarenes and 1,4-
dienes were successfully transformed into the linear styrylacetic
acid and hexa-3,5-dienoic acid derivatives in moderate to high
yields, with excellent regioselectivity. The carboxylation showed
remarkable functional group tolerability, so that selective addition
to CO, occurred in the presence of other carbonyl groups such as
amide, ester, and ketone. Since styrylacetic acid derivatives can
be readily converted into optically active y-butyrolactones through
Sharpless asymmetric dihydroxylation, this allylic C(sp*)-H car-
boxylation showcases a facile synthesis of y-butyrolactones from
simple allylarenes via short steps.

Transition metal-catalyzed direct functionalization of C-H
bonds has been recognized as a potent and efficient platform for
straightforward organic synthesis to not only construct carbon
frameworks but also introduce various heteroatoms (B, N, O, Si,
halogens, etc.) without the need for pre-functionalization of the
poorly reactive C—H bonds.' However, catalytic functionalization
of C(sp*)-H bonds has seen much less development because of
the inherent low reactivity and lability of the C(sp®)-M (transition
metal) complexes generated by C—H bond cleavage.” Besides,
most of the reported methods for catalytic C—H addition to car-
bonyl electrophiles are restricted to highly reactive carbonyl com-
pounds such as aldehydes, imines, a-ketocarbonyl compounds,
and isocyanates.” Hence, the development of catalytic caboxyla-
tion of C(sp®)-H bonds with the much less reactive carbon diox-
ide (CO,) would be an innovative milestone in the fields of C-H
activation and fixation chemistry of CO,, an abundant, inexpen-
sive, and nontoxic C1 feedstock.” Although catalytic carboxyla-
tion of acidic C—H bonds through deprotonation by basic metal
complexes has been well studied,’ there are only a few examples
of C—H carboxylation apart from acid-base mechanism.® In addi-
tion, most of the past studies demonstrate the carboxylation of
C(sp)-H and C(sp>)-H bonds. Catalytic direct carboxylation of
C(sp®)-H bonds is still in its nascent stage, with only a few re-
ported methods for methane carboxylation’ and UV irradiation
methods.* Hence, catalytic C(sp’)-H carboxylation with CO,
under mild conditions holds a formidable challenge that would
open new horizons to the synthesis of aliphatic carboxylic acids.

To this end, we initially targeted terminal alkenes as substrates
for C(sp’)-H carboxylation. Allylic C(sp®)-H functionalization
using high-valent Pd(II) and Rh(III) catalysts has been widely
studied, which allows direct substitution of the allylic C—H bond
by a variety of nucleophiles through the generation of electro-
philic #*-allylmetal intermediates (Scheme 1, eq 1).'® However,
these methods do not meet the requirements of our planned car-

boxylation, since nucleophilic allylmetal species are necessary for
the reaction with CO,. We therefore envisaged the generation of a
low-valent allylmetal species, some of which are generated
through the cleavage of allylic C(sp*)-H bonds by low-valent
alkylmetal complexes (e.g., alkyl-Co(I) and Rh(I)) with the re-
lease of an alkane.'""'* Although the reactivities of these allylmet-
al complexes have not been investigated, we hypothesized that a
low-valent allylmetal complex shows high nucleophilicity toward
CO, on the basis of the precedented transition metal-catalyzed
carboxylation,'? thus furnishing B,y-unsaturated carboxylic acids
(eq 2).

Scheme 1. Strategy for the Generation of a Nucleophilic Al-
lylmetal Complex

Conventional Allylic C-H Functionalizations

Pd(I1)Xy [l\lll] Nu P
Cp*Rh{lINX. Nucleophile
P*RA{IINX; R phte_ R o (1)
high-valent R Nu
H H-X electrophilic
N
M]

R—M(l) L o,
e~
\f» R RNANeom @)
) low-valent
R'—H nucleophilic

This Work

Based on the above hypothesis, we extensively investigated the
reaction conditions for the carboxylation of allylarene 1a under
CO, atmosphere (1 atm, closed), using various metal salts, lig-
ands, and alkylated reagents.'* A combination of Co(acac),,
Xantphos, and AlMe; provided the corresponding trans-
styrylacetic acid methyl ester 2a in 32% yield, together with ole-
fin isomers in 41% yield after treatment with CH,N, (Table 1,
entry 1). Both Co(III) and Co(I) complexes were competent cata-
lysts (entries 2 and 3) for this reaction; however, other transition
metal salts such as Cr(II), Mn(I), Fe(IIT), Rh(I), Ir(T), Ni(II), and
Cu(]) salts did not promote carboxylation but 1a was recovered,
and in some cases, olefin isomers were observed (entries 4-10)."
Notably, the reaction offered extremely high linear/branch selec-
tivity, so that only the linear carboxylated product 2a was ob-
tained. Encouraged by this result, we examined the effects of
various ligands in the presence of Co(acac),. However, DPEphos,
DPPF, DPPP, and 2,2’-bpy afforded the olefin isomerization
product 3a as the major product (entries 11-14). The reaction was
strongly influenced even by subtle structural differences between
Xantphos and DPEphos, implying that the oxygen atom in
Xantphos might play a crucial role as a hemilabile ligand in this
carboxylation (vide infia).

Next, the reaction conditions were further screened under the
Co(acac),/Xantphos system. When the amount of AlMe; was
reduced to 1.5 equiv, the yield of 2a increased to 45% (entry 15).
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The concentration of 1a also affected the efficiency, in which
lower concentration suppressed olefin isomerization to afford the
desired 2a in 58% yield (entry 16). The addition of 1 equiv of CsF
further accelerated the carboxylation to provide 2a in 71% yield
(entry 17).16

Table 1. Condition Screening

P
/@JV AlMes (3 equiv) /©/\/\002Me 3a
s mmmmEn o s
then CHN, (Ar = 4-Ph-CgHy)
. yields (%)”
entry metal salt Ligand 72 32’ 42 1a
1 Co(acac), Xantphos 32 34/7 13 -
2 Co(acac); Xantphos 21 58/9 - -
3 CoCl(PPh;); Xantphos 22 54/12 5 4
4 CrCl, Xantphos - -/- - 99
5 MnBr(CO)s  Xantphos - -/- - 98
6 Fe(acac); Xantphos - 9/2 - 86
7 [Rh(cod)Cl1], Xantphos - 25/6 - 67
8 [Ir(cod)Cl],  Xantphos - 5/- - 93
9 Ni(acac), Xantphos - 27/3 - 69
10 Cul Xantphos - 6/2 - 89
11 Co(acac), DPEphos - 74/3 - -
12 Co(acac), DPPF - 87/4 7 -
13 Co(acac), DPPP - 74/12 10 -
14 Co(acac), 2,2’-bpy - 90/- - 4

15¢ Co(acac),
16 Co(acac),
17%%*¢  Co(acac),

Xantphos 45 26/5 15 -
Xantphos 58 11/3 9 3
Xantphos 71 17/3 1 2

Reaction conditions: allylarene 1a (0.2 mmol), catalyst (10 mol% of the
metal), ligand (20 mol%), AlMe; (0.6 mmol), DMA (1.0 mL, 0.2 M), CO,
(1 atm, closed), 12 h. “Yields were determined by 'H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard. Ratio of E/Z isomers.
“1.5 equiv of AlMe; was used. “0.05 M in DMA (4.0 mL). ‘1 equiv of CsF
(0.2 mmol) was added.

@ Q ©Ppthh2mph2 / l: (j )

PhoP PPh, PhyP PPh2
Xantphos DPEphos DPPF DPPP 2,2'-bpy

With the optimal conditions in hand, we next explored the sub-
strate scope of the allylic C—H carboxylation of allylarenes under
the Co(acac),/Xantphos/AlMe; system (Figure 1). Methyl esterifi-
cation was unnecessary except in the case of 1o, and a series of
linear carboxylic acids were obtained with excellent regioselectiv-
ity. Additionally, a back extraction/crystallization sequence was
effective for their purification process especially in case the prod-
uct is a solid." Electron-neutral allylarenes 1a-1d, including the
ortho-substituted 1c, gave the corresponding linear carboxylic
acids 5a-5d in moderate to good yields. A variety of functional-
ized allylarenes bearing trifluoromethyl groups (le and 1f) and
alkoxy groups (1g-1i) were tolerated under the present reaction
conditions. Remarkably, pre-treatment of 1j containing a phenolic
hydroxy group with 0.5 equiv of AlMe; afforded an aluminum
aryloxide, and subsequent carboxylation with 1.5 equiv of AlMes
furnished the corresponding carboxylic acid 5j in 72% yield. The
reaction proceeded selectively with CO, when using substrates
containing amide (1k), ester (11), and ketone (1m) carbonyls,
which are generally reactive toward nucleophiles than is CO, and
incompatible with the carboxylation using strongly nucleophilic
organomagnesium and organolithium reagents. Furthermore, in-
dole (In) and quinoline (1o) derivatives were carboxylated to
afford the products in 84% and 63% yields, respectively.
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Figure 1. Substrate scope of allylarenes (0.4 mmol). Isolated
yields are shown. “1-11% of olefin isomer (o,B-unsaturated car-
boxylic acid) was observed.' *2 equiv of AlMe; was used.

The efficient and highly regioselective carboxylation of al-
lylarenes led us to examine the feasibility of using 1,4-dienes,
which are assumed to show similar reactivity to allylarenes, as
substrates. Indeed, a wide range of 1,4-diene derivatives were
applicable to the cobalt-catalyzed carboxylation, and hexa-3,5-
dienoic acid derivatives were obtained in good to high yields
(Figure 2).

Co(acac); (10 mol%)

H Xantphos (20 mol%) for 7 RTNANCcoH
)\/ AlMe; (1.5 equiv) HCl aq. 7
R CsF (1 equiv) for 8 o
6 DMA (0.05 M), 60°C, 12h 1)pH4buffer R~ " ~CO,Me
(R =alkenyl, alkyl) CO, (1 atm, closed) 2) CHoN, 8
5\/\/\COQH [WCOEH [S/\/\COQH
CO,Et COEt COLEt

7a: 75% (E/Z = 90/10) 7b: 45% (E/Z = 65:35)

from 6b (E/Z = 60:40)

P
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COH

7¢: 68% (E/Z = 55:45)
from 6¢ (E/Z = 50:50)

Cothiy” N"SCOM Coti” S NCOM  CoHyr
79 79" 79"
79+79'+7g": 24%°

Figure 2. Substrate scope of 1,4-dienes and a simple alkene (0.4
mmol). Isolated yields are shown unless otherwise noted. “Yields
were determined by 'H NMR analysis using 1,3,5-
trimethoxybenzene as an internal standard.

Compounds 6a-6¢ possessing different substitution patterns on
the internal alkene moieties (6b and 6¢ contain alkene regioiso-
mers) exhibited different reactivities for the carboxylation of CO,,
but there was no significant change in the E/Z ratios of the inter-
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nal alkenes.'* 1,4-Dienes containing a cyclohexenyl moiety (6d)
and gem-diphenyl moiety (6e) afforded the corresponding linear
carboxylic acids 7d and 7e in 78% and 57% yields, respectively.
The more structurally complicated bicyclo[2.2.2]octane-based
1,4-diene 6f bearing ketone and dimethyl ketal moieties also un-
derwent carboxylation; after careful work up using aq. citric ac-
id/NaCO; buffer and methyl esterification, the corresponding
ester 8f was obtained in 41% yield, with 46% recovery of 6f. This
result indicated the dimethyl ketal moiety could be tolerated under
the cobalt-catalyzed carboxylation conditions. Furthermore, car-
boxylation of a simple terminal alkene 6g provided the carboxylic
acids 7g, 7g’, and 7g”. Even though the yield and regioselectivity
of the reaction using 6g were low, this result suggests the feasibil-
ity of extending the protocol to less reactive allylic C—H bonds.

AlMe;  AlMeX
LnCo''X L,Co"Me,
o2 " ™ |,Co'"Mes
RTX"""C0.AMe, / RN
50r7 L,Co'Me \( 10r6
Me,
AlMe; 1 b ColL,
- 7 =
CB® R
AN PhoP. ° PPh H
R CO,Co'L, 2 \Clo/ 2
VI RF an
_Co—
1; H CI Me
cos o~
v-addition PhP—_ ! _PPh, m
olL, C°/ // \\
a v L R , o Tl
_Co—. _CoZ
R B/ H j\/Me H C Me
v \>¥/ R = R N
v y IV
CHy
. R/V\H R/\/\Me
optimized 3 4
AT+ AT Me —conditions 96% recovery
3a 4a (E-3a/4a = 86:14)

(E-3a/4a = 86:14) (Ar = 4-Ph-CgHy)

Figure 3. Proposed Catalytic Cycle.

Based on the obtained results, including significant ligand ef-
fects, we propose a plausible reaction pathway in Figure 3. Since
cobalt catalysts with different valences (Co(I), Co(II), Co(IIl))
equally promoted the carboxylation, a low-valent methylcobalt(I)
species I would first be generated from the cobalt salt, Xantphos,
and AlMe;,."” Dialkylcobalt(IT) is known to undergo dispropor-
tionation to form Co(I) and Co(III),'"® and the latter further pro-
duces Co(I) through reductive elimination. Next, the alkene in the
substrate would coordinate to cobalt, thus facilitating the cleavage
of the adjacent allylic C—H bond to produce #*-allylcobalt species
III. At this stage, the oxygen atom in the Xantphos ligand might
coordinate to cobalt, which would assist the tautomerization of #’-
allylcobalt III to #'-allylcobalt complexes IV and IV’." The rigid
backbone of Xantphos might work as a hemilabile ligand to pro-
mote the tautomerization; in contrast, in the case of DPEphos,
which has a more flexible backbone, the oxygen atom is reluctant
to coordinate to the cobalt center due to the free rotation of the
Ar-O-Ar bond. Subsequently, two different ways are possible.
Reductive elimination of methane from complex I'V would lead to
a low-valent allylcobalt species V,'" which is stabilized by an aryl
or alkenyl ligand.”® Subsequently, C—C bond formation with CO,
would proceed at the y-position’ to produce cobalt carboxylate
VI. Transmetalation between VI and AlMe; would furnish the
linear carboxylated product along with the regeneration of
methylcobalt species 1.

On the other hand, reductive elimination of complex IV’ would
generate the olefin isomerization product 3 and methylated prod-
uct 4. This reductive elimination step would be irreversible, since
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3a and 4a were unreactive under the optimized carboxylation
conditions. While further in-depth investigation is required to
unveil the exact role of CsF in this carboxylation, its beneficial
effect on the yield might be attributed to the interaction with CO,,
which allows for the dissolution of more CO, into the reaction
system rather than the generation of the tetracoordinate fluoro-
aluminate complex.'®?

The cobalt-catalyzed allylic C—H carboxylation provides a new
synthetic strategy for linear styrylacetic acid derivatives from
allylarenes, which could not be achieved by simple deprotonation
using a strong base (e.g., "BuLi), followed by the reaction with
C0,.” Since styrylacetic acid derivatives have non-conjugated
alkene and carboxylic acid moieties, a variety of transformations
can be expected. In particular, styrylacetic acid derivatives are key
synthons of various functionalized y-arylbutyrolactones, which
are structural motifs found in many natural products (Figure 4).%*
Indeed, several transformations of styrylacetic acid derivative Si
into y-butyrolactones could be achieved (Scheme 2). Carboxylic
acid 5i derived from the commercially available safrole 1i was
readily converted into anti-p-iodo- and anti-B-hydroxy-y-lactone
9i and 10i in good yields by treatment with Oxone™/KI** and di-
methyldioxirane (DMDO),”® respectively. Besides, Sharpless
asymmetric dihydroxylation of the corresponding ester 2i fur-
nished the optically active syn-p-hydroxy-y-butyrolactone 11i in
80% yield with 99% ee.”” These protocols provide a stereodiver-
gent synthesis of y-arylbutyrolactones from allylbenzene deriva-
tives via short steps. Furthermore, Sh was stereoselectively con-
verted into a similar lactone 11h, which is a key intermediate in
the synthesis of tricyclic pharmacophores, through the oxa-Pictet-
Spengler reaction and subsequent oxidation.”®

OH 0 <_-

(+)-Nicotlactone A (+)-Frenalicin B (+)-Clavilactone B

Figure 4. y-Arylbutyrolactone-Based Bioactive Natural Products.
Scheme 2. Synthesis of y-Arylbutyrolactones

o
0
Oxone A COH 0
ko <
0
% 97% 5i 10i: 68%
l Mel, KoCO3 0
AD- ?
< COMe ADMXP
MeSOzNH2< .
2i: 95% 11|: 80%, 99% ee

o] o]
OMe 1) Mel, K,CO3  OMe 0-X 1) PhCHZCHZCHO 9,
0
A COH 96% i F3+OEt /
2) AD-mix-B & 2) CAN H
MeSO,NH,
OMe 77% ref. 28 oh
OMe
5h 11h: 99% ee tricyclic

pharmacophore

In summary, we have developed a catalytic direct allylic
C(sp®)-H carboxylation by using the Co(acac),/Xantphos/AlMe,
system, which enabled highly regioselective transformation of
allyl groups into linear 3-butenoic acid motifs with good function-
al group tolerance. The carboxylated products, styrylacetic acids,
could be readily converted into y-arylbutyrolactones. Further re-
search into the synthetic application of the protocol is ongoing,
and the results will be reported in due course.
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