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ABSTRACT: A boron-catalyzed Michael reaction using pairs of carboxylic acids was developed. The reaction occurs through
dual activation of the two substrates by a boron catalyst, which facilitates boron enolate formation from the donor carboxylic
acid with simultaneous activation of the o,3-unsaturated carboxylic acid as the acceptor. a-Aryl and a-alkenyl carboxylic acids
were applicable as donors. The versatility and utility of this reaction were demonstrated by the direct use of pharmaceuticals

as donor carboxylic acids.

The Michael reaction is a powerful carbon-carbon bond
formation reaction that provides synthetically valuable 1,5-
dicarbonyl compounds from easily available Michael do-
nors and acceptors.! Despite continuous development of the
reaction, readily available carboxylic acids have rarely been
applied to the Michael reaction as either donors or accep-
tors. The high pKa value of the a-protons of carboxylic acids
hampers the catalytic generation of enolates, making car-
boxylic acids unsuitable as Michael donors (Scheme 1a).
Therefore, the use of excess amounts of strong bases such
as nBuLi and LDA?23 or pre-formation of a mixed acid anhy-
dride using acylchloride* has been indispensable for pro-
moting the Michael reaction.5 Additionally, under the basic
conditions required for enolate formation, a,-unsaturated
carboxylic acids are transformed to carboxylate ions, result-
ing in a loss of reactivity as electrophiles.

We have developed various boron-catalyzed reactions
based on chemoselective enolate formation from carboxylic

acids.® The reversible B-O covalent bond formation be-
tween the carboxylic acids and the Lewis acidic boron cata-
lysts increases the acidity of the a-proton, thus enabling
generation of nucleophilic diboron enediolates under mild
basic conditions. Hence, the boron catalysis was applicable
to various a-functionalizations of carboxylic acids including
the Mannich reaction, aldol reaction, allylation, amination,
and trifluoromethylthiolation (Scheme 1b). On the other
hand, Ishihara recently developed an asymmetric Michael
reaction between ketone donors and a,3-unsaturated car-
boxylic acid acceptors using a chiral amine/boronic acid
two-component catalyst, which increased the electrophilic-
ity of the a,-unsaturated carboxylic acids by B-0 bond for-
mation (Scheme 1c¢).” Regardless of these advances in bo-
ron catalysis for activation of carboxylic acids,!? there have
been no reports on Michael reactions that employ carbox-
ylic acids as both Michael donors and acceptors to provide
1,5-dicarboxylic acids directly. Herein, we report a new



boron catalysis that allows Michael reaction of donor-ac-
ceptor carboxylic acid pairs for the first time (Scheme 1d).
Dual activation of donor and acceptor carboxylic acids by
the boron catalysts was crucial to achieve C-C bond for-
mation.

Scheme 1. Boron-Catalyzed Michael Reaction of Carbox-
ylic Acids.
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We commenced the search for boron catalysts effective
for the Michael reaction of carboxylic acid pairs using 2-(4-
chlorophenyl)acetic acid (1a) as the Michael donor and
acrylic acid (2a) as the acceptor (1.5 equiv) with DBU (3
equiv) as a base in toluene at room temperature (Table 1).
For the sake of expeditious analysis of the reaction outcome,
crude reaction products were subjected to methyl esterifi-
cation using dimethyl sulfate to obtain diester 3aa. While no
reaction occurred in the absence of a boron catalyst (entry
1), addition of 10 mol% of (Ac0)4B20, which is a competent
catalyst to form the diboron enediolate,® caused the reac-
tion to afford 1,5-diester 3aa in 76% yield with concomitant
formation of significant amounts of tricarbonyl compounds,
which seem to be produced through double Michael addi-
tion with a single molecule of 1a and two molecules of
acrylic acid (2a) (entry 2). BHs-SMez, which has also been
used for catalytic reactions involving diboron enediolate in-
termediate formation, promoted the Michael reaction with
only 33% yield of 3aa (entry 3). 3,4,5-Trifluorophenyl-
boronic acid, which was a competent catalyst for the dehy-
drative amidation of carboxylic acids,’® was not effective at
all (entry 4). Screening of bases showed that DBU was the
only effective base, while other organic bases such as NEts,

DBN, and 2,6-lutidine or inorganic bases such as Cs2C0s, LiH,

and KOtBu caused no or traces of reaction (entries 5-10).

To inhibit the double Michael addition by facilitating the
protonation of the initially formed enolate intermediate, we
reduced the amount of DBU to 2 equiv (entry 11). As aresult,
the reaction became much cleaner, giving 3aa in 93% yield.

Table 1. Optimization of Boron-catalyzed Michael Reac-
tion of Donor-Acceptor Carboxylic Acid Pair.?

boron catalyst (10 mol%)

base (3 equiv) MeO
\)k toluene rt, 15 h;
OH Me,S0, (10 equiv)

(1.5 ea:quw K,CO3 (10 equiv), 1 h &y
entry Boron catalyst base 3aa’ (%)
1 None DBU 0
2 (Ac0)4B20 DBU 76
3 BHs-SMe: DBU 33
4 3,4,5-F3-C¢H2B(OH)2 DBU 0
5 (Ac0)4B20 NEts <5f
6 (Ac0)4B20 DBN 9
7 (Ac0)4B20 2,6-lutidine 0
8 (Ac0)4B20 Cs2C03 <5f
9 (Ac0)4B20 LiH 0
10 (Ac0)4B20 KOtBu 0
11¢ (Ac0)4B20 DBU 93

ala (0.1 mmol), 2a (0.15 mmol), boron catalyst
(0.01mmol), DBU (0.3 mmol), toluene (0.2 M), 15 h; then
Me2S04 (1 mmol), K2CO3 (1 mmol), 1 h. When methyl ester-
ification of the product was incomplete, additional methyl
esterification was performed using Me2S04 (1 mmol), K2COs
(1 mmol) in THF, 1 h. "Yields of the isolated products. <2
equiv of DBU were used.

The boron-catalyzed Michael reaction proceeded cleanly
on both 1 mmol and 10 mmol scale with 2 equiv of DBU. The
product could be isolated as dicarboxylic acid 4aa in 93%
and 63% yields, respectively, after reverse phase chroma-
tography on an ODS-packed column with MeCN/0.1% TFA
aq. eluent (Scheme 2).

Scheme 2. Over 1 mmol-scale Reactions.
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Next, scope of donor carboxylic acids (1b-1) was explored
with an acrylic acid (2a) acceptor (Scheme 3). Electron-do-
nating methoxy (1b) and tert-butyl (1c) groups, and an
electron-withdrawing trifluoromethyl (1d) group at the
para position of the a-substituted aromatic ring were ame-
nable, giving the corresponding products in good yields in
both dicarboxylic acid form (4ba: 77%; 4ca: 60%; 4da:
79%) and diester form (3ba: 70%; 3ca: 81%; 3da: 78%). In
the reaction of acetoxy-substituted substrate 1e with an



enolizable carbonyl group, C-C bond formation occurred
exclusively at the a-position of the carboxy group to give
4eain 66% yield along with a small amount of deacetylated
product 4ea’ (X = OH, 9%). A carboxylic acid with a steri-
cally congested ortho-methyl substituted a-aryl group (1f)
and that with an a-3-thiophenyl group (1g) were also appli-
cable to this reaction, giving 3fa and 3ga in 59% and 65%
yields, respectively. The reaction with 3-butenoic acid (1h),
an a-alkenyl carboxylic acid, produced 3ha in 39% yield
(E/Z 92:8), with the C-C double bond conjugated to the car-
bonyl group, likely due to the isomerization of the doble
bond after the conjugate addition. On the other hand, no Mi-
chael reaction product was obtained with propionic acid
lacking the aryl or alkenyl group at the a-position, showing
that the a-aryl or alkenyl substitution is indispensable. This
boron catalysis was applicable to the construction of qua-
ternary carbons using a-phenylpropionic acid (1i), giving
3ia in 58% yield. Furthermore, direct transformation of
Scheme 3. Substrate Scope“

pharmaceutical carboxylic acids such as ibuprofen (1j), lox-
oprofen (1K), and indomethacin (11) were feasible with ac-
ceptable yields (3ja: 20%; 3ka: 37%; 3la: 19%).

Next, acceptor carboxylic acids were investigated. Reac-
tions of crotonic acid (2b) with 1a, 1b, and 1d proceeded
smoothly to provide the corresponding products in high
yields (3ab: 84%; 3bb: 97%; 3db: 100%), albeit with nearly
1:1 diastereomeric ratios.!! Cinnamic acid (2d), bearing a
phenyl group at the -position, was also reactive, giving 3ac
in 73% yield with syn/anti 54:46. Methacrylic acid (2d) and
atropic acid (2e), bearing a methyl or a phenyl substituent
at the a-position, were also compatible to afford 3ad (67%,
dr 48:52) and 3ae (94%, dr 47:53), respectively. Tiglic acid
(2f), o,B-unsaturated carboxylic acid doubly methylated at
the o- and B-positions, reacted with 1a to afford Michael ad-
duct 3af in 21% yield with 27:25:33:15 dr.

3
2, (Ac0)4B,0 (10 mol%) Me,SO, (10 equiv) o RO
HO)S/R + ”\)k DBU (2-3 equiv) WOH K,CO3 (10 equiv), 1 h MeOWOMe
R! toluene, rt, 15 h R R2 R4 R'R? R4
3
1.5
Donor ( equw)
] o o 0O o o
HO OH MeO OMe MeO OMe MeO OMe MeOWOMe Me
Me
3fa 3ga 323/ 3ia
0, 0, o [+
X X 59% 65% £1792:8 58A:
) ) o (0] 0]
X yield (%) X yield (%)
Cl (4aa) 93b Cl (3aa) 93 MeO OMe MeO
OMe (4ba) 77¢ OMe (3ba) 70 Me Me N, —~Me
tBu (4ca) 60 tBu (3ca) 81 o]
CF; (4da) 79 CF; (3da) 78
OAc (4ea) 66 (9)?
3ja 3ka 3Ia
20% 37% 19%
Acceptor
O Me O
MeO OMe O Ph O 0] o (] o O Me O
MeO OMe MeO OMe MeO OMe eO OMe
Me Ph Me
X
X yield (%) syn/anti Cl Cl Cl Cl
Cl (3ab) 84 54:46 3ac 3ad 3ae 3af
OMe (3bb) 97 54:46 73% 67% 94% 21%

CF3(3db) 100  51:49 syn/anti 54:46

dr 47:53 dr 27:25:33:15

@1a (0.1 mmol), 2a (0.15 mmol), (Ac0)4B20 (0.01 mmol), DBU (0.2-0.3 mmol), toluene (0.2 M), 15 h. To isolate the products
as diesters, the esterification was conducted with Me2S0O4 and K2CO3. 1 mmol scale. 0.5 mmol scale. 9Yield of the deacetylated

product (4ea’, X = OH) is in the parentheses.

To demonstrate the synthetic utility of the dicarboxylic
acids obtained by the Michael reaction of the donor-accep-
tor carboxylic acid pairs, transformations of 4aa were con-
ducted (Scheme 4). Under the dehydrative conditions, cyclic
acid anhydride 5 was obtained in 98% yield. Reaction of
4aa with urea at 200 °C afforded cyclic imide 6 in 71% yield.
Intramolecular Friedel-Crafts acylation to produce 1-tetra-
lone-4-carboxylic acid 7 (13%) could be achieved by con-
verting 4aa into acid anhydride 5 followed by the addition
of AlCl3 as a Lewis acid. Double Curtius rearrangement using

DPPA followed by the addition of benzyl alcohol gave Cbz-
protected 1,3-diamine 8 in 34% yield.

Following reactions were conducted to gain mechanistic
insights of the reaction (Scheme 5). In accord with our pre-
vious reports,® no 3aa was obtained when the methyl ester
9 was used as the Michael donor (Scheme 5a), indicating
that boron enolate formation was specific to carboxylic ac-
ids. In addition, 3aa was obtained only in a trace amount
when methyl acrylate (10) was used instead of acrylic acid
(2a), showing that the in situ generated boron carboxylate



Scheme 4. Transformations of Dicarboxylic Acid 4aa.
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?TFAA (2.2 equiv), CHz2Clz, 0 °C to rt. burea (1.5 equiv), 1,2-
diglyme, 140 to 200 °C. ‘TFAA (2.2 equiv), CH2Clz, 0 °C to rt.;
AlCls (2.3 equiv), 1,2-dichloroethane, rt. “DPPA (2 equiv),
NEts (2 equiv), toluene, 80 °C; BnOH (3 equiv), reflux.

of 2a is more reactive than 10. Regarding the 1,4-addition
step, two possible pathways are expected (Scheme 5b): an
intermolecular addition and an intramolecular addition
where the donor and the acceptor are connected by the sin-
gle boron atom. To confirm the contribution of intermolec-
ular addition pathway, a binaphthol-type ligand L was in-
troduced to the standard conditions (Scheme 5c). Given the
nature of L as a bidentate ligand, which occupies two of the
three covalent bonds on a boron atom, the intramolecular
addition pathway is not feasible under these conditions. Alt-
hough the reactivity was lower than the reaction without L,
production of 3aa in 78% yield strongly indicates the exist-
ence of the intermolecular addition pathway. Nevertheless,
the intramolecular addition pathway cannot be ruled out at
this stage.

Scheme 5. Control Experiments.
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In summary, we have developed the first Michael reaction
between carboxylic acids and «,f-unsaturated carboxylic
acids by the boron catalyst. Simultaneous activation of do-
nor and acceptor carboxylic acids through formation of B-
O covalent bonds was essential to achieve C-C bond for-
mation. The utility of the substituted 1,5-dicarboxylic acid
products was demonstrated by transformations via cycliza-
tion reactions and double Curtius rearrangement. Exten-
sion of the catalytic reaction to asymmetric variants by in-
troducing chiral ligands on the boron catalyst is on-going in
our laboratory.
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