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Main observation and conclusion

We report an exclusively tandem C-0 and C-C bond forming beyond the esterification and cyclization reaction of 2-acylbenzoic acids
with alcohols to regio- and stereoselective synthesis the (2)-3-ylidenephthalides. The reaction uses the nontoxic, inexpensive
H3PMo1,040 as catalyst and produces water as the sole by-product, making the reaction environmentally benign and sustainable.
Moreover, this reaction features an eco-friendly reaction conditions, facile scalability, and easy derivatization of the products to drugs
and bioactive compounds. The mechanism studies and DFT calculations reveal that the appropriate acid catalyst is the key to the
selectivity of this transformation.
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® mild reaction conditions ® excellent regioselectives and E selectives

® DFT calculations ® gram-scale synthesis and products derivatization
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Background and Originality Content

3-Ylidenephthalides and polyheterocycles containing a
isobenzofuran-1(3H)-ones are common motifs in drugs, natural
products, wide-ranging biological activities and important
intermediates to further build other bioactive heterocyclic
compounds in orgnic synthesis.[! For example, the Chinese angelica
ingredient 3-butylidenephthalide exhibit antidiabetic,
antispasmodic, anticoagulant, and antiproliferative activities.['c!
Multiple methods to generate such structures have been
c sclosed.”) The main methods of intermolecular cyclization
methods include the modified Perkin or Julia reaction with phthalic
~1hydride,B! transition-metal-catalyzed cyclization of benzoic acid
derivatives with alkenes or alkynes and the CO insertion-annulation
reactions.®! An alternative strategy is the intramolecular cyclization

-action such as the cyclization of 2-allyl or 2-alkenyl benzoic acid
derivatives and the annulation of 2-alkynylbenzaldehydes.b!

though these methods provided various strategies for the
preparation of 3-ylidenephthalides, they still have limitations
 cluding harsh reaction conditions, expensive catalysts, ligands
and side products.[®!

The cyclization of 2-acylbenzoic acids is a convenient method
“r the direct and atom-economical synthesis of 3-
ylidenephthalides. Some catalytic systems have been developed in
*'is area such as SOCl,/CHCl3 system, TSTU/DIEA system and
AICl3/CHsCN system.[”l However, the above methods need toxic or
expensive reagents and the intramolecular strategy result in the
limitation of products, only the monosubstituted of terminal
double bond products can be obtained (Scheme 1A). Meanwhile, 2-
acylbenzoic acids are recognized as the crucial substrates coupled

ith nucleophile such as aniline or alcohol in the intramolecular
cvclization reaction, but the corresponding products were not 3-

.idenephthalides.®® It is well know that the electrophilic nature of
carbonyl group permits easily coupling with nucleophile, which
le ads to the formation of other products. In principle, the reactions
.etween 2-acylbenzoic acids and alcohols take place at the
carbonyl site of ketone or carboxyl giving the 3-substituted

1thalides or 2-acylbenzoate product (Scheme 1B).®) However, it’s
still a challenge that 2-acylbenzoic acids react with alcohols at the

carbon site of ketone to produce 3-ylidenephthalides. Herein, we
envision to fill this gap by reporting our new results on the direct
<, <.—ation of 2-acylbenzoic acids with benzylic alcohols producing
3-ylidenephthalides (Scheme 1C).

scheme 1 Varied reaction patterns between 2-acylbenzoic acid and alcohol

() intramolecular cyclizetion of 2-acylbenzoic acid to synthesis of 3-ylidenephthalides
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Environmentally benign and inexpensive polyoxometalates (POMs)
are demonstrated to be practical and selective catalysts for the
coupling and cyclization reaction.['® In this protocol, we believe
that the benzylic alcohol is protonated by phosphomolybdic acid
(HsPMo1,040) to generate a stable benzyl cation,!**! which avoiding
the addition reaction with carbonyl group. Furthermore, the side
products such as phthalides or ester are hard to exist because of
the highly acidic of reaction condition.

Results and Discussion

We initiated our studies using 2-acetylbenzoic acid (1a) and
diphenylmethanol (2a) as the model substrates to vary the reaction
parameters (Table 1). After the extensive screening (see Supporting
Information Tables S1-S6 for more details), we found that the
treatment of substrates in chlorobenzene (PhCl) at 80 °C for 3 h in
the presence of a catalytic amount of H3PMo01,04 resulted in the
formation of product 3a in 93% vyield (Table 1, entry 3). The
structure of 3a was conformed by crystal and the Z-selectivity may
be due to the Z-configuration of product is more stable than its E-
configuration and steric hindrance effect. Decreased yields were
obtained with other Keggin-type POMs, e.g., HiSiW1,04 and
H3PW1,040 as the catalyst, which may be due to the softest
heteropoly anion of H3PMo01,04 can stabilize the reaction
intermediate (entries 1-3).'1 Other Bronsted acid like p-TSA did not
improve the vyield compared to the POMs (entry 4). Two
representative Lewis acids, FeCl; and Cu(OTf),, were tested as
catalysts under the same conditions and did not form any desired
product (entries 5 and 6). No product was obtained in the absence
of catalyst (entry 7). Solvent screening results seem indicated that
nonpolar solvents are beneficial to give a better yield than polar
solvents (entries 8-13). Low temperature lead to a lower yield and
increasing temperature did not improve the yield (entry 14 and 15).

Table 1 Optimization of reaction conditions.?

o & ‘o;"
- - S I 2
OH  Ph” >Ph solvent, T,3h o :,a, :: 3 3 23
O crystal structure of 3a
la 2a 3a CCDC 2047476
Entry Catalyst (mol %) Solvent T(°C) Yield (%)°

1 H3PW12040 (1.5) PhCl 80 71

2 HaSiW12040 (1.5) PhCl 80 72

3 H3PM012040 (1.5) PhCl 80 93

4 p-TSA (10) PhCl 80 46

5 FeCls (10) PhCl 80 0

6 Cu(OTf)2 (10) PhCl 80 0

7 — PhCl 80 0

8 H3PM012040 (1.5) H20 80 11

9 H3PM012040 (1.5) DCE 80 67
10 H3PM012040 (1.5) Toluene 80 69
11 H3PM012040 (1.5) Benzene 80 61
12 H3PM012040 (1.5) CHsCN 80 19
13 H3aPMo01,040 (1.5)  CH3NO; 80 49
14 H3PMo012040 (1.5) PhCl 70 83
15 H3PMo012040 (1.5) PhCl 90 93

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

?Reaction conditions: 2-acetylbenzoic acid (1a, 0.3 mmol), diphenylmetha-
nol (2a, 0.2 mmol), solvent (1.0 mL), catalysis for 3 h. *The yields determined
by GC with biphenyl as the internal standard.
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Having identified optimized conditions for substrates 1a and 2a,

we next explored the scope of this reaction. A range of benzylic
alcohol derivatives in the cyclization reaction with 2-acetylbenzoic
acid (1a) as the standard substrate was examined.[*2! As shown in
Table 2, diphenylmethanols substituted with electron-donating
(Me, 'Pr, OMe) or electron-withdrawing groups (F, Cl, Br) smoothly
underwent cyclization to give the desired products 3b-3k. The
reactivity of this reaction was slightly influenced by the electronic
properties of the aryl rings. Diphenylmethanols with electron-
donating groups afforded lower yields of the corresponding
p oducts (3b-3d) than those with electron-withdrawing groups (3f-
s1).  Furthermore, diphenylmethanols bearing the same
sybstituents at different positions also had little influence on the
eificiency of this transformation. For example, the Me or Cl
substituent at ortho-position of phenyl rings gave lower yield than
+ eta-/para-position (3b/3c/3d or 3f/3g/3h). In the case of tertiary
alcohol, the corresponding product 3l was obtained in a yield of
~5%. The substrate scope of 2-acetylbenzoic acids were also tested
with diphenylmethanol as substrates. 2-Acylbenzoic acids with
='actron-donating and electron-withdrawing functional groups all
reacted smoothly with diphenylmethanols to generate the desired
products in good yields (3m-3s). To expand the substrate scope of

““is transformation, we examined the different 2-acyl-substitutents.

2-Propionylbenzoic acid and 2-caproylbenzoic acid
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9 Reaction conditions: 2-acylbenzoic acid (1, 0.3 mmol), diphenylmethanol
(2, 0.2 mmol), PhCl (1.0 mL), HsPMo012040 (1.5 mol %), 80 °C for 3 h. “Isolated
yield.
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were cyclized well to give the desired products 3t, 3uand 3vin good
yields with different benzylic alcohols. It was noted that the 2-
phenylacetyl substrate underwent the cyclization process to
provide 3-ylidenephthalide 1’ rather than the expected product,
which may be due to the steric hindrance effect of the benzene ring
substituent in C=C bond. Unfortunately, simple alcohol and 2-(2-
methoxyacetyl)benzoic acid couldn’t convert to the desired prod-
ucts under the standard conditions (3w-3z).

After developing the methodology, we further demonstrated
its utility by the gram-scale synthesis and derivatization reactions.
The product 3a, 3f and 3t could be produced without modifying the
standard conditions in 85%, 82% and 60% yields on a 5 mmol scale,
respectively (Scheme 2A). The 3-ylidenephthalide skeletons of the
products offer handles for further derivatization. To illustrate this
point, the product 3a was treated with hydrazine and
ethylenediamine to give the phtalazinone 4 and imidazoisoindole 5
in excellent yields,*3! respectively, which exhibit antiviral and
antibacterial activities. Futhermore, product 3a could also be easily
transformed to the corresponding isoindolin-1-one 6 through a
amine substitution reaction (Scheme 2B).¥ The versatilities and
the rapidly preparation of these products revealed that our
stragety are highly useful and attractive in the synthetic and
medicinal chemistry.

Scheme 2 Gram-scale reactions and derivatization reactions

(A) Gram-scale reactions

o
OH
+ 5y HgPMO1;040, 1.5 mol%
OH Ph~">Ph ~ Phcl,eo’c.3h

1a (7.5 mmol) 2a (5 mmol) 3a, 85%, 1 3269
o OH
+ Ph H3PM01,049, 1.5 mol%
OH ~ PhcL8o’c.3h c,3h
Cl cl
la(7s mmol) 2 (5 mmol) 3f, 82%, 1 4189

Ph
(o]
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In order to have a deeper understanding on this transformation
and to get further insight into the mechanism, several control
experiments were conducted (Scheme 3). When the model
reaction was stopped at 5 min, ca. 10% compound INT4, 13%
compound BP1, 21% compound BP2, 52% compound BP3 and 8%
3a were detected by GC-MS. Upon further heating the reaction
mixture for 3 h, INT4, BP1, BP2, and BP3 disappeared, whereas the
yield of 3a was increased to 93% (Eq. (1) see Supporting
Information Figure S1 for more GC-MS details). Pure INT4 and BP3
were synthesized following the established procedure. Under the
standard reaction conditions, both INT4 and BP3 could be
converted to 3ain 92% and 89% yields, respectively (Eqg. (2) and (3)).

NaOH
 NaHaH,S0,
Hzo reflux 3 h

NH,OAc

www.cjc.wiley-vch.de
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These results further proved that INT4 and BP3 would be the key
intermediates in this reaction. Furthermore, isolated compound
BP1 and BP2 were proven to reformed the substrates 1a and 2a

and further converted to 3a under the standard reaction conditions,

respectively (Eq. (4) see Supporting Information Figures S2 and S3
for more GC-MS details). The results indicated that the compounds
BP1 and BP2 were the by-products and reformed the substrates
through the reversible reactions.

Scheme 3 Control experiments

o
B O andard condit oy
+ standard condition +
O [¢] 1
_J__oH Ph/KPh h 1)
o o
1a 2a INT4 BP1
5 min 10% 13%
3h 0 0
Ph
o
/' Phopp Ph
+ +
Ve
Ofph b .
BP2 h 3a°
5min 219% 8% 52%
3h o 93% 0
Ph
OH [~ Ph
standard condition
Ph Ph ” o )
s 3a,92% °
Ph
o

J/ Ph
*)70 < ) standard condition o ®)
1a 3a, 89% ©
( slandard standard / Ph
‘ h “condition conamon o] (4)
Ih 3a,72% ©

BPl 3a, 67%

To better understand the mechanism of this reaction, a density
functional theory (DFT) calculation was employed in the same
_Aperimental conditions (solvent of chlorobenzene, temperature at
353.15 K, and pressure at 1.00 atm) using M06-2X functional. For
<1e of the reactants, its keto form (1a) is more stable, as
transformation from keto form to enol form (1a’) is an endergonic
prucess by 13.1 kcal mol™?, which goes through transition state (TS)
with a large activation free energy of 67.1 kcal mol? (Figure 1).
T \erefore, the reaction is more likely to occur between reactants
ia and 2a, which is theoretically investigated here. In this reaction,
POMs provide an acidic environment similar to protonic acid, thus,
= simple H30*-H,0 model was used to estimate the Gibbs free
energy changes during protonation and deprotonation processes.
There are three potential sites for protonation of reactant 1a,
i cluding carbonyl oxygen atom in ketone group (O1), carbonyl (02)
and hydroxyl (0O3) oxygen atoms in acid group. Theoretical
cilculation results (Figure S4) show that regardless of the
conformation of reactant 1a, O1 atom is the most potential proto-
nation site, followed by 02 atom. Additionally, the protonation pro-
cess on O3 atom is endergonic by 13.8-19.4 kcal mol%, which is un-
likely to occur. Different from reactant 1a, reactant 2a has only one
potential protonation site. Initially, reactants 1a and 2a are readily
protonated to form INT1 and INT5, which are exergonic processes
by 7.3 and 2.6 kcal mol?, respectively.

It was observed experimentally that the detected INT4 can
replace reactant 1a reacting with reactant 2a to form the final
product 3a and INT4 is able to be directly formed from reactant 1a.
Thus, the formation reaction of INT4 from reactant 1a is firstly
calculated in details (Figure 1A). After protonation process of
reactant 1a, the produced INT1 undergoes intramolecular
cyclization reaction through TS1 with an activation free energy of

www.cjc.wiley-vch.de
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29.2 kcal mol™* to form cyclic intermediate INT2. In this cyclization
process, nucleophilic attack of O3 atom and proton transfer from
03 atom to 01 atom proceed in an asynchronous-concerted
fashion. The subsequent dehydration process of INT2 readily
proceeds thought TS2 to form INT3, which is nearly barrierless. Af-
ter deprotonation process of INT3, the experimental detected INT4
is formed from reactant 1a, which is an endergonic process by 4.8
kcal molL. Furthermore, another two pathways separately induced
by protonation on 01 and 02 atoms of reactant 1a, which also un-
dergo intramolecular cyclization reaction, dehydration and depro-
tonation processes successively, could be ruled out because of
much higher activation free energies (Figure S5). Next, the reaction
between reactant 2a and INT4 to form the final product 3a is theo-
retically studied (Figure 1B). After protonation process of reactant
23, the generated INT5 immediately occurs dehydration process via
TS3 with a small activation free energy of 2.5 kcal mol! to form a
more stable carbocation intermediate INT6. Then, INT6 reacts with
INT4 through TS4 with an activation free energy of 12.8 kcal mol*
to form INT7. Finally, deprotonation process of INT7 leads to the
final product 3a. The whole reaction producing 3a from 2ais an ex-
ergonic process by 5.9 kcal mol™.

@) O
Ag, :I o
‘kcap:r::cl: 1 { \H}

Figure 1 Proposed reaction mechanism and predicted relative Gibbs free
energies based on DFT calculation. (A) the formation reaction of INT4 from
reactant 1a; (B) the reaction forming the final product 3a.

In the experiment, two major by-products BP2 and BP3 are
observed in the earlier stage of reaction and final product 3a is
formed with high yield in the later stage of reaction. To explain the
experimental observations, theoretical calculations of two side re-
actions forming major by-products BP2 and BP3 are performed
(Figure S6). INT6 from 2a reacting with INT4 and reactants 1a-1 and
2a to respectively form final product 3a and by-products BP2 and
BP3 are three competitive reactions. As discussed above, the
formation of INT4 needs to overcome a high activation free energy
of 29.2 kcal molt. What’s more, the activation free energy (12.8
kcal mol?) of INT6 reacting with INT4 to form final product 3a is
higher than those (4.6 and 8.0 kcal mol?) of two side reactions
forming by-products BP2 and BP3. Therefore, two side reactions
forming by-products BP2 and BP3 are dominant reactions in the
earlier stage of reaction. These two side reactions are reversible
reactions, as free energy changes are nearly unchanged from 2a to
BP2 (0.4 kcal mol?) and BP3 (-0.5 kcal mol). The reaction forming

Chin. J. Chem. 2021, 39, XXX— XXX
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final product 3a is exergonic reaction, as free energy change from
2ato 3ais -5.9 kcal mol. Therefore, reaction forming final product
3a is dominant reaction in the later stage of reaction. A summary
of proposed reaction mechanism and calculated free energies can
be seen in Figure S7. Furthermore, to explain the Z-selectivity of the
products, we have also calculated the Gibbs free energies of Z and
E configurations of product 3a, which shows the Gibbs free energy
of Z-configuration is 1.7 kcal mol™* smaller than that of E-configura-
tion. That is to say, Z-configuration of product is more stable than
its E-configuration. Thus, energy stability is one driven force to ob-
t' in Z-configuration of product. Besides the aspect of Gibbs free en-
2rgy, we can also analyze from the aspect of geometry. According
to our reaction mechanism, INT6 electrophilic attacks INT4 with
pianar structure from vertical direction to form INT7. Observing the
geometry of INT7 (Figure S8), dihedral angle £ C1-C8-C9-C10 is
! rger than 90° while dihedral angle £ 01-C8-C9-C10 is smaller
than 90°, which shows that it tends to form product 3a with Z-con-
“suration after deprotonation process. Comparing the geometries
ot Z and E configurations (Figure S9), the marked bond angles in Z-
~anfiguration are smaller than the corresponding ones in E-config-
uration while the marked bond distance in Z-configuration is larger
than that in E-configuration, which shows that Z-configuration
~Yould have smaller steric resistance than E-configuration. Thus,
steric hindrance effect is another driven force to obtain Z-configu-
r-tion of products. All calculated results are in good agreement
with the experimental observations.

Based on the above results and related literature studies, a
plausible mechanism is proposed in Scheme 4. It is believed that
the acid catalyst initially protonates the 1a to provide INT1, which
has a better nucleophilic site than 1a, thus enabling the subsequent
» icleophilic attack of carboxyl to afford INT2. Alternatively, INT1
could also experience nucleophilic attack of 2a followed by

‘2protonation and dehydration to form by-product BP1. The
undesired by-product BP1 could reform INT1 and 2a through the
reversible reactions. After dehydration of INT2, the carbocation
Jecies INT3 were generated, followed by the deprotonation to
form INT4. Meanwhile, under the promotion of heteropoly acid
' 3PM01,04, carbocation species INT6 would be generated directly
by protonation/dehydration of the alcohol 2a. Subsequently, INT6
lectrophilic attack on INT4 to afford the carbocation species INT7,
wnich produce desired product 3a through the deprotonation pro-
NT6 could also electrophilic attack on carboxyl of 1a leads to
the formation of the corresponding ester BP2, which would reform
I1M'T6 and 1a under the acidic condition.

Scheme 4 Proposed mechanism
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formation via environmentally benign catalyst H3PMo1,040-cata-
lyzed cyclization and coupling reaction to regio- and stereoselective
synthesis the (Z)-3-ylidenephthalides in good to excellent yields,
which also opens a new reaction space for the selective coupling of
carbonyls or carboxyl with alcohols. Overall, the reaction features
an eco-friendly reaction conditions, highly atom efficient, facile
scalability, and easy derivatization of the products to drugs and bi-
oactive compounds. Detailed mechanistic studies and DFT calcula-
tions reveal that the reaction involves the well-known esterification
and cyclization reactions, the corresponding by-product would re-
form the substrates to generate the desired product due to their
different stability in the acidic reaction conditions.

Experimental

Gneral procedure for the synthesis of products 3: In a reaction vial
of 4 mL, 2-acetylbenzoic acid (1, 0.3 mmol), diphenylmethanol (2,
0.2 mmol), H3PMo01,040 (1.5 mol%) and PhCl (1 mL) were added.
Then the reaction was carried out in screw cap vials with a Teflon
seal at 80 °C for 3 h. After cooling to room temperature, the mixture
was further purified by column chromatography (petroleum
ether/EtOAc) to afford the desired products.

Supporting Information

The supporting information for this article is available on the
WWW under https://doi.org/10.1002/cjoc.202 1XXXXX.
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