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ABSTRACT: A ruthenium catalyzed cross-dehydrogenative coupling is developed with the aid of weakly coordinating car-
boxylic acid group towards the dimerization of arene carboxylic acids. The protocol is operationally simple and suitable
to fabricate diverse homo- as well as cross-dimerized products in high yields. Computational insights have also been un-
veiled to comprehend the plausible reaction mechanism. The critical innovation of the synthetic strategy hinges on the
soluble basic additive DBU, which constitutes a synergy of Ru(ll)-catalysis with noncovalent interaction and thus, stabi-
lizes pivotal intermediates to promote the challenging dimerization process.

KEYWORDS: C-H activation, Ru(ll)-catalysis, noncovalent interaction, weak coordination, cross-dehydrogenative cou-

pling, diphenic acids, DFT computation.

Demystifying powerful and efficient synthetic arsenals
for practical accessibility to natural products and versatile
synthetic building blocks from structurally simplified pro-
genitors is a continuous enterprise in contemporary organ-
ic synthesis. On this ground, owing to their diverse display
in organic synthesis, 2,2'-biaryl acid motifs, both in sym-
metrical and unsymmetrical substitution patterns, have
always remained in the focus of general interest.12 They
are the key precursors for the synthesis of numerous
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Figure 1. Representative biologically active molecules with
2,2’-biaryl acid scaffold and derivatives thereof

natural products and drug molecules,>* high performance
polymers,> diverse Cz-symmetric chiral ligands or auxilia-
ries,® and their sugar analogues are naturally occurring
biologically active molecules that exhibit therapeutic prop-
erties (Figure 1). Despite the immense importance of this
multi-faceted class of biaryl analogues, modular synthetic
routes towards these scaffolds are limited. Traditionally,
they have been synthesized using transition-metal pro-
moted Ullmann-coupling strategy,”® Suzuki cross-coupling
method,? or oxidation of phenanthrene derivatives.1011
However, all these processes require prefunctionalized
precursors and offer limited access to these molecules.
Thus, a strategic development of direct synthetic route to
streamline the construction of these molecular architec-
tures would greatly enrich the synthetic chemist’s reper-
toire. Ideally, a C—H/C—H cross-coupling of commercially

available, cheap, and bench-stable benzoic acids would be
the most appropriate disconnection, which can reduce the
synthetic overhead for the rapid production of diverse
diphenic acids. To address the aforementioned goal, we
envisaged to devise a Ru(Il)-catalyzed direct C-H/C-H
cross-dehydrogenative coupling (CDC) of benzoic acids
(Scheme 1).
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Scheme 1. Hypothesis for Cross-dehydrogenative Di-
merization of Benzoic Acids

Notably, in last two decades, transition-metal catalyzed
cross-dehydrogenative coupling reactions of otherwise
inert C-H bonds have been realized as a powerful and
straightforward transformative tool for the regioselective
functionalization of organic molecules since it can evade
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tedious prefunctionalization processes, widen the sub-
strate accessibility, and render easy late-stage functionali-
zation.'? However, major breakthroughs came, particularly
in the arena of weakly coordinating common organic func-
tional group assisted CDC reactions, under expensive iridi-
um, rhodium, and palladium catalysis, and solution for the
use of inexpensive and bench-stable ruthenium(II) cata-
lysts is largely unanswered and mostly restricted to Heck-
type olefination processes.!?14 In fact, even after the tre-
mendous advancement of carboxylate directed rutheni-
um(Il) catalysis for annulation,'5ad olefination,!5¢i alkyla-
tion, !5k alkynylation,'>! arylation,'¢ allylation,'” and het-
eroatom functionalization'® of arenes, carboxylate directed
cross-dehydrogenative coupling reaction between two
arenes is still unknown under ruthenium catalysis. To the
best of our knowledge, till date, the cross-dehydrogenative
dimerization of benzoic acids was accomplished only un-
der Rh-catalysis (Scheme 2).13!n

[Rh(nbd)Cll COOH

oxidan, Hgo
—’

oxidant = MnO, (150 °C) or
NaCIO; (100 °C) HOOC

COOH COOH

® - ©®

Scheme 2. Previous Reports on Rh-Catalyzed Cross-
dehydrogenative Dimerization of Benzoic Acids

Considering this synthetic space, we first evaluated the
mechanistic feasibility of this approach by calculating the
activation energy (Ea) for the formation of alleged inter-
mediate B from the ruthenacycle A, which necessitates a
second C—H metalation step (Scheme 1). At this scenario,
ruthenacycle A has to mislay its stable 5-membered chela-
tion with high kinetic barrier i.e. Ea« ~ 53.4 kcal/mol. Re-
cent trends in organic chemistry have rigorously har-
nessed various noncovalent interactions such as ion-pair,
hydrogen-bonding etc., to steer diverse organic transfor-
mations including C-H activation.!’® Thus, we hypothesized
that this kinetically constrained process could be circum-
vented through beneficial noncovalent interactions in the
transition-state (Scheme 1). It has been shown that proto-
nated organic bases alluringly stabilize the carboxylate
intermediates in several organocatalytic processes.?? We
were optimistic that a judicial choice of an organic base (Y)
would stabilize the TS, illustrated in Scheme 1, favoring the
transformation from C to D, which later on reductive elim-
ination would lead to the product diphenic acid P.

Guided by this considerations on the merger of
noncovalent interaction with Ru(II) catalysis, at the outset,
we examined the oxidative dimerization of 4-toluic acid
(1a) as a model substrate under aerial atmosphere (Table
1). Gratifyingly, the treatment of 1a with [RuClz(p-
cymene)]z (2.5 mol %), iPr.NEt base in dioxane solvent at
110 °C dispensed the desired product 2a in 15% yield after
the esterification (entry 1). Other organic bases such as
DMAP, DABCO, and N-methyl morpholine were unable to
promote this transformation (entries 2—4). The hindered
amidine base DBU was documented to stabilize the proline
derived enamine carboxylate intermediate  with
prolinate-DBUH* ion pair formation.'’® Thus, we next
performed the reaction using DBU as the base. To our

delight, the transformation occurred smoothly with
increased yield (54%, entry 5). Other organic solvents
were screened, but they were found less effective than
dioxane (entries 6—8). When molecular oxygen was used in
lieu of air, yield was improved slightly and further
examinations of different oxidants provided CuO as the
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Table 1. Optimization of Ru(II)-Catalyzed Dimerization
of Aromatic Acids®

i) [Ru(p-cymene)Cly],

COOH (25 mol %) CO,Me Me
e
solvent, 110 °C, 24 h Me MeO,C
1'\19 ii) K,CO3, Mel, 1t, 4 h 2
Entry  Base Oxidant Solvent Vield
(%)

1 iPr2NEt air Dioxane 15
2 DMAP air Dioxane NR
3 DABCO air Dioxane NR
4 x-:;;ggine air Dioxane NR
5 DBU air Dioxane 54
6 DBU air DMF 12
7 DBU air Toluene 40
8 DBU air MeNOz2 NR
9 DBU 02 Dioxane 59
10 DBU CuO Dioxane 72
11 DBU MnOz2 Dioxane 56
12 DBU Ag20 Dioxane 30
13 DBU Cu(OAc)2.H20  Dioxane NR
14 DBU CuO Dioxane 49b
15 K2CO3 CuO Dioxane NR
16 NaOAc CuO Dioxane NR
17 DBN CuO Dioxane 51

aUnless otherwise noted, all reactions were conducted on
a 0.3 mmol scale with oxidant (1.0 equiv), base (1.0 equiv),
solvent (0.4 mL) at 110 °C. Yields are those of isolated prod-
ucts. PReaction was performed at 100 °C. DMAP: 4-
dimethylaminopyridine; DABCO: 1,4-
diazabicyclo[2.2.2]octane; DBU: 1,8-diazabicyclo[5.4.0] un-
dec-7ene; DBN: 1,5-diazabicyclo[4.3.0]non-5-ene.

best choice, delivering 2a in 72% isolated yield (entries 9-
13). The lowering of reaction temperature to 100 °C had a
detrimental effect on the reaction outcome (entry 14). As
anticipated, common inorganic bases such as K2COs and
NaOAc remained unproductive (entries 15-16).
Interestingly, in line with our hypothesis, the use of DBU
congener DBN supplied 51% yield of 2a, signifying the
important role of amidine bases to promote this CDC
reaction (entry 17).
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Having acquired the optimal conditions, we next sought
to explore the scope of the reaction (Table 2). The present
catalytic conditions were quite general to diverse carbox-
ylic acids. Aromatic carboxylic acids having functional
groups such as methyl, methoxy, halides, and benzoyl at
the ortho-position were tolerated under the

oNOYTULT D WN =

Table 2. Scope of Ru(II)-Catalyzed Homo-dimerization
of Benzoic Acids®

COOH

1

CO,Me

i) [Ru(p-cymene)Cl,],
(2.5 mol %)

DBU (1.0 equiv)
CuO (1.0 equiv)
Dioxane, 110 °C, 24 h
ii) K,COg3, Mel, rt, 4 h

Me. CO,Me

CO,Me

MeO,C
2

MeO CO,Me

MeO,C MeO,C Me MeO,C OMe
2b, 58% (61%)° 2¢, 60% 2d, 68%
F CO,Me Br.  CO,Me PhOC ~ CO,Me
MeO,C F MeO,C  Br MeO,C  COPh
2e,72% 2f, 65% 2g, 80%
Ph  CO,Me
MeO,C  Ph
2h, 63%
CO,Me OMe O,Me  OBn
N gy
O CO;Me MeO MeO,C BnO MeO,C
Me 2j, 56% 2k, 66% 21, 64%
CO,Me OMOM CO,Me CI CO,Me Br
MOMO MeO,C C|! MeOZC! B! MeO,C
2m, 38% 2n, 50% 20, 59%
Me zMe Me Me CO,Me C CO,Me
e SO0
Me MeO,C MeO,C Me MeO,C
2p, 53% 2q, 47% 2r, 84%

aAll reactions were conducted on a 0.4 mmol scale with CuO
(1.0 equiv), DBU (1.0 equiv), dioxane (0.4 mL) at 110 °C; ester-
ification was performed using Mel (3.0 equiv) and K2COs3 (3.0
equiv). Yields of isolated ester products were provided. PReac-
tion was conducted on 1.0 mmol scale with CuO (1.0 equiv),
DBU (1.0 equiv), dioxane (1.0 mL) at 110 °C, 36 h; esterifica-
tion was performed using Mel (3.0 equiv) and K2CO0s3 (3.0
equiv).

substrates for this strategy (21-m). Importantly, the cata-
lytic conditions were able to accommodate sensitive halo-
gen functionalities at the para-position, rendering good
yields of the desired products (2n-o0). Dimerizations of
hindered dimethylbenzoic acids and 1-naphthoic acid were
also achieved to prepare 2p, 2q, and 2r in 53%, 47%, and
84% yields, respectively.

To adorn the synthetic versatility of the protocol further,
we attempted the more challenging cross-dimerization of
benzoic acids (Table 3). Employment of electron donating
group substituted benzoic acids in combination with elec-
tron withdrawing group substituted benzoic acids under
the optimal conditions with a change in molar ratio of the
reaction partners provided synthetically useful yields of
the desired cross-dimerized products (3a—c). Exposure of
1-naphthoic acid to substituted benzoic acids was also
fruitful to give desired products 3d-f in good yields (56-
77%). It is worth noting that a suitable choice of benzoic
acids is important in the cross-dimerization reaction as
electronic bias plays a decisive role in product formation.
It has been observed that a combination of two electron-
rich benzoic acids failed to provide the cross-dimerized
product under the standard reaction conditions and
mostly homo-dimerized products were observed as major
products.

Table 3. Scope of Ru(Il)-Catalyzed Cross-dimerization
of Benzoic Acids*

i) [Ru(p-cymene)Cl,]

COOH COOH (10 mol %) CO:Me
DBU (5.0 equiv) Q @
+
a @ CuO (1.5 equiv)
Dioxane, 110 °C, 24 h MeO,C
(1.0 equiv) (4.0 equiv) i) K,CO3, Mel, 1t, 4 h 2a
MeO CO,Me Me, CO,Me CO,Me
O~ 0%, O
Me
MeO,C F Me MeO,C MeO MeO,C F
3a, 53% 3b, 61% 3c, 50%

. CO,Me MeO CO,Me CO,Me
MeO,C COPh MeO,C . MeO MeO,C .
3d, 77% 3e, 56% 3f, 58%
aAll reactions were conducted on a 0.2 mmol scale with CuO
(1.5 equiv), DBU (5.0 equiv), dioxane (0.5 mL) at 110 °C;
esterification were performed using Mel (8.0) and K2COs3 (4.0
equiv). Yields of isolated ester products were provided.

reaction conditions to deliver high yields of the desired
products 2b-g. Biphenyl carboxylic acids were also effec-
tively participated in this transformation to give 2h-i with
extended 7system. Benzoic acid bearing strongly electron
withdrawing acetyl functionality in the meta-position was
endured under the current reaction conditions to provide
56% yield of 2j. Electron donating methoxy substituent at
the para-position offered 66% yield of the anticipated
product 2k. Benzoic acids with common protecting groups
like benzyl (Bn) and methoxymethyl (MOM) were viable

To demonstrate the synthetic potential, products were
utilized in the synthesis of various biologically important
biphenyl-tethered heterocycles (Scheme 3). The dimerized
products 2a-d and 2k were separately reduced using
LiAlHs4 and individual crude products were then treated
with [RuClz(p-cymene)]2 catalyst under oxygen atmos-
phere to construct 7-membered cyclic lactones (4a-e), an
abundant core found in various natural products such as
isokotanin, ulocladol, and graphislactones (Scheme 3a).2
ei-0 Lactone 4e can be easily manipulated to its amide con-
geners following literature procedure.?! Reduction
followed by the treatment of concentrated H2SOs on 2c¢
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generated the 7-membered cyclic ether 6 in 64% yield and
such molecular frameworks are potential pharmaceutical
target for anticancer drugs (Scheme 3b).% Notably, in all
these transformations, the compounds were purified only
in the final steps. Further, we were also successful to
achieve a silver(I)-mediated decarboxylative cyclization to
construct biologically potent benzo[c]chromen-6-one 7 in
90% yield (Scheme 3c).2p-s

(a)
COOMe i) LiAH4 (3.0 equiv)

° THF,0°C-rt,2h core-structure of
a ii) [Ru(p-cymene)Cly],

SRe)
Graphislactones, Ulocaldol,
Q Alterlactones, Dibenzoxepines
MeOOC (10 mol %)
2 Cs,C03 (20 mol %) Me 4a, 62% Me
Toluene, 05,100 °C, 3 h

4b, 68% 4c, 72% 4d, 57%

ref.21 O 2 Y°
R = alkyl/aryl } N-R Q @
Ly O derivatives of

glycoprotien inhibitor MeO OMe

5 (ref. 2g) 4e, 70%
(b)
Me ~ COOMe ) LiAH, (30 equiv) o M
e, e
@ Q THF,0°C-rt,2h emerging scaffold for

- anticancer drugs
i) conc. H,SO4

MeOOC  Me Dioxane, 60 °C

2c 6, 64%

(c)
COOMe i) KOH (3.0 equiv)
MeOH:H,0 (4:1), reflux 0,
_
ii) AGNO3 (40 mol %) @ O
MeOOC KOAc (5.0 equiv)

2b (NH4)28,04 (5.0 equiv) 7,90%
DCE:H,0 (1:1), 1t, 36 h

structural core of
proliferation inhibitors,

alternariol, and

graphislactones

Scheme 3. Synthetic Applications of Cross-

dehydrogenative Dimerization Products

To comprehend the plausible reaction mechanism, we
performed the deuterium scrambling study, which
revealed the reversible nature of C—H metalation (Scheme
4a). Also, significant amount of product 2a was formed in
the presence of excess amounts of radical scavengers such
as TEMPO, BHT, and 1,1-diphenylethene, refuting the in-
volvement of radical pathway in the reaction mechanism
(Scheme 4b). The use of oxygen (air) was also crucial as
the yield dropped significantly when the reaction was exe-
cuted in inert atmosphere (Scheme 4c). To gain insights on
the possibility of Ru(IV)/Ru(Il)-mechanistic route, we used
strong oxidants in the absence of DBU. Astonishingly, we
did not observe any C-C dimerized product, while C-O
dimerized product 8a-d were formed when stoichiometric
amount of AgNOs; was used as oxidant along with
potassium persulfate (Scheme 4d). The use of sodium
benzoate (9) instead of benzoic acid was ineffective to
construct the C—C dimerized product even in the presence
of DBU (Scheme 4e). These experiments bolstered the
unique role of DBU in this transformation and hint of the
possible involvement of DBUH* ion.

(a) H/D Scrambling study:

COOH ] [RU(P'CVmeTD‘e)Cb]z COOMe
Me Déﬁ'%".'omefﬁiv) Me D (73%)
CuO (1.0 equiv)
1c Dioxane, 110 °C, 14 h 1c

D,0 (15.0 equiv)
i) K,CO3, Mel, MeCN, rt

(b) Radical scavengers study:

i) [Ru(p-cymene)Cl,],

COOH (2.5 mol %) CO,Me Me
DBU (1.0 equiv) Q O
CuO (1.0 equiv)
Dlox?ne, 110°C, 24 h Me  MeO,C
Me Radical Scavengers
1a (3.0 equiv) 2a

ii) K,CO3, Mel, MeCN, rt

Radical scavengers: TEMPO = 45%; BHT = 54%; 1,1-diphenylethene = 41%

(c) Role of oxygen:
i) [Ru(p-cymene)Cl,],

COOH (2.5 mol %) CO,Me Me
DBU (1.0 equiv) Q O
CuO (1.0 equiv)
Dioxane, Ny, 110 °C, 24 h Me MeO,C
Me i
1a ii) KoCOg, Mel, 1t, 4 h 2a, 12%

(d) Use of strong oxidant:

COOH i) [Ru(p-cymene)Cly], COOMe Me
(5 mol %) o
© AgNO; (1.5 equiv) @/
—_—

Na,COj3 (2.0 equiv) o}
Me K2S,0g (2.0 equiv) Me
1a CH4CN, 100 °C, 24 h 8a, 41%
ii) K,CO3, Mel, rt, 4 h
Me O o o
o o /©)Lo
©:002Me ©/C02Me By J@/COQMG
Me ‘Bu
8b, 34% 8c, 33% 8d, 38%
(e) Role of DBUH*:
COONa i) [Ru(p-cymene)Cly], CO;Me
) CuO (1.0 equiv) MeO,C
Dioxane, 110 °C, 24 h
9 2b

ii) KoCOg3, Mel, 1t, 4 h
a) without DBU - No reaction
b) with DBU - No reaction

Scheme 4. Mechanistic Studies of the Cross-
dehydrogenative Dimerization of Benzoic Acids

With the objective of verifying the decisive role of DBU in
this transformation, a computational study using density
functional theory (DFT) has been performed to compare
the energies of key intermediates and transition-states of
the second C—H metalation process. As depicted in Scheme
5, we observed a stabilizing electrostatic interaction
between DBUH* and intermediate ruthenium-carboxylate
complexes which effectually decrease the activation
energy for carbometallation by ~23.84 kCal/mol (Scheme
5).22 The inner-sphere coordination of DBU was ruled out
considering the rapid protonation in presence of
equimolar benzoic acid. Further, the intermediate Is was
detected in ESI-HRMS analysis of the crude reaction
mixture of 1a, corroborating the computational findings
and our working hypothesis (Scheme 5).

ACS Paragon Plus Environment

Page 4 of 9



Page 50f 9

oNOYTULT D WN =

ACS Catalysis

A
’Pr—Q—Me
HO,
—O~Ru
&
4 o
TS 1
Pr Me
HO, O,
83.31 -
0,
B e e b
- e
2B el
2% Ph Ry N4 % O?;;u 53.41
wge badl! Lo,
= HO o o
[e] o
h TS 2
29.86 29.56
16.83
I, 1
r—Q—Me 4
0.00 F"'Q'M
~Ru 000
o) L Ru
%ﬁ C\N,H
° el eo e °
Iy HeNZEN OH
<

Reaction Coordinate

0. O.
H,.-@ NRu
NF/\NQ o Me  Detected in ESI-HRMS
O OH [MH]* = 659.2423 (expected)
Is Me

659.2435 (observed)

Scheme 5. Computation Insights to the Role of DBU and
Detection of a Key Intermediate with ESI-HRMS Analy-
sis of the Dimerization Reaction of 1a

In conclusion, we have developed a weak coordination
assisted Ru(II)-catalyzed cross-dehydrogenative coupling
of aromatic carboxylic acids. The protocol tolerated vari-
ous common organic functional groups to produce good
yields of the desired 2,2'-biaryl acid scaffolds. The cross-
dimerization of benzoic acids has also been achieved
through judicious modification of the reaction conditions.
The synthetic applicability of this protocol has been show-
cased through the formation of biologically potent bi-
phenyl tethered lactones, ether, and benzocoumarine.
Computational studies disclosed that the basic additive
DBU plays a pivotal role to promote this transformation
through an electrostatic interaction with Ru(Il)-
carboxylate intermediates. Further applications of this
Ru(II)-DBU synergy for carboxylate assisted C-H bond
functionalization reaction is ongoing in our laboratory.
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