Can Water Trigger Room-Temperature Formation of Benzofuran-2(3H)-one Scaffolds from Vinyldiazene
Derivatives? Computational Insights into an Unusual Cyclization
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Abstract: Access to benzofuran-2(3H)-one derivatives from readily available substrates under mild conditions is
crucial in the pharmaceutical and plastics industries. We identified (Z)-3-(2-phenylhydrazineylidene)benzofuran-
2(3H)-one (P) during the recrystallization of (E)-2-(2,2-dichloro-1-(phenyldiazenyl)vinyl)phenol using a 96%
ethanol solution. The mechanism of the unexpected substrate conversion leading to P is investigated using
density functional calculations. The computations revealed that ethanol is required to initiate the reaction via
TS1E, which involves a concerted deprotonation of ethanol by the basic diaza group of the substrate and an
ethoxy group attacking the electrophilic center (Cl,C=), with an energy barrier of 28.3 kcal/mol. The resulting
intermediate (I11E) is calculated to be unstable and can yield a cyclic chloroacetal adduct with a lower energy
barrier of 2.2 kcal/mol via the ring-closure transition state (TS2E). In the absence of water, the next steps are
impossible because water is required to cleave the ether bond, yielding P. A small amount of water (4% of the
recrystallization solvent) can promote further transformation of 12E via the transition states TS3E (AG* = 11.1
kcal/mol) and TS4E (AG¥ = 10.5 kcal/mol). A comparison of the ethanol/water- and only water-promoted free
energy profiles shows that the presence of ethanol is crucial for lowering the energy barriers (by about 5 kcal/mol)
for the initial two steps leading to the cyclic chloroacetal (12E), whereas water is then required to initiate product
formation.

Introduction

Benzofuranone derivatives have played a key role in medicinal chemistry because of their effectiveness against
lung cancer,[1] their antioxidant potency,[2] and their use as fluorescent probes for imaging sulfite in living
cells.[3] Benzofuranone-based polymers have been utilized as a new closed-loop recyclable polymer with
enhanced properties exploited as a pressure-sensitive adhesive materials.[4] Benzofuranes can act as enzyme
inhibitors, exhibiting a-glucosidase and a-amylase [5] inhibition activities. Structures containing benzofuran
scaffold can be found in medicinally important natural products, some of which are shown below:
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In addition to its broad utilization in medicinal applications, the benzofuranone scaffold has been applied as a
stabilizer against UV light in the polymer industry under the brand name Irganox® HP-136, which contains 90%
benzofuran-2-one (5,7-di-tert-butyl-3-(3,4-dimethylphenyl)3H-benzofuran-2-one): [6]
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The benzofuranone scaffold has therefore become an important target for syntheses in numerous previous
works. For instance, it was synthesized using a three-component cascade reaction in the presence of a precious
transition metal catalyst [Cp*RhCl;],, an oxidant (Cu(OAc)z), and an additive (CsOAc) affording the product in low
to moderate vyields.[7] Benzofuran-2(3H)-one moieties were synthesized via multi-step procedures involving a-
arylations of a-diazoacetates.[8] Morita—Baylis—Hillman (MBH) carbonates were converted into the chiral
benzofuran-2(3H)-one derivatives using organometallic catalysis.[9] Benzofuran-2(3H)-ones were converted to
the enantioenriched 3,3-disubstituted benzofuran-2(3H)-ones using a magnesium-based catalyst.[10] Rh(l)-
catalyzed functionalization of the 3-C(sp3®)-H bond of benzofuranones with a-diazoesters resulted in the
formation of stereoselective 3-alkylation benzofuranone derivatives. [11] Tong et al. also focused on 3-C(sp®)-H
bond functionalization by applying copper (I) catalyst to regioselectively synthesize Z- and E-styrene-containing
3-aryl benzofuran-2(3H)-ones.[12]

We unexpectedly discovered a facile route to benzofuran-2(3H)-one, distinct from the aforementioned employed
harsh and/or costly methods. Some of us had previously synthesized dihalogenated heterodienes
(vinyldiazenes).[13-15] During the purification of a vinyldiazene derivative, [(E)-2-(2,2-dichloro-1-
(phenyldiazenyl)vinyl)phenol], via recrystallization, we observed a color change accompanied by the deposition
of dark orange crystals at the bottom of the beaker. This unexpected change motivated us to perform
instrumental analyses, including X-ray diffraction, which revealed the spontaneous formation of the benzofuran-
2(3H)-one derivative. The experimental procedure, X-ray crystallographic details, and Hirshfeld surface analysis
were reported in our previous publications. [16, 17] Subsequently we conducted additional tests, changing the
recrystallization solvent from 96% ethanol to absolute ethanol to observe the water role in the benzofuran-2(3H)-
one fused ring formation. Surprisingly, we did not identify a trace of the crystals. Utilizing only water as a solvent
also did not result in product formation, as the substrate is not soluble in water. A methanol/water mixture can
be exploited as a substitute for ethanol/water in the internal cyclization reaction to obtain the product. The
observations led us to consider the joint role of water and ethanol vs. the explicit role of water in promoting
benzofuran-2(3H)-one formation. We employed density functional theory (DFT) to identify the water, ethanol,



and water/ethanol synergetic impact on the unexpected fused benzofuran-2(3H)-one ring formation reaction in
Scheme 1.
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Scheme 1. Ethanol/Water promoted cyclization of (E)-2-(2,2-dichloro-1-(phenyldiazenyl)vinyl)phenol to (Z)-3-(2-
phenylhydrazineylidene)benzofuran-2(3H)-one (P). The reaction is considered in the DFT studies.

Despite the extensive applications of benzofurans, only a small number of computational studies have been
conducted in the past. [18-21]. Therefore, the current research is dedicated to computational mechanistic studies
to identify the role of ethanol, water and their synergetic effects on the unexpected cyclization of the
aforementioned vinyldiazene derivative.

1. Computational details.

The Gaussian 16 program [22] was used for all calculations. The reaction starting structures, intermediates,
transition states and the product were optimized using Kohn-Sham Density Functional Theory (KS-DFT), with the
B3LYP functional[23] and D3BJ dispersion corrections.[24] The 6-311G(d,p) basis set was employed for all atoms.
Solvent effects were studied using a self-consistent reaction field (SCRF) and default polarizable continuum
model (PCM) with the dielectric constant for ethanol (e= 24.852). Minima and transition states were verified via
analytic harmonic vibrational modes, and free energies including entropy contributions from rotations,
vibrations, and translations were determined. Gibbs energies and related data are reported for a temperature
of 298.15 K to reflect the experimental room temperature conditions. Intrinsic reaction coordinate (IRC) searches
were performed to confirm the connections between transition states (TS) and intermediate or product
structures.[25] Optimized geometries (in XYZ format), total energies, Gibbs energies, and enthalpies of all
structures are provided in the electronic supporting information (ESI, See Tables S1-54).

2. Results and discussion

The benzofuran-2(3H)-one fused ring formation reaction may be initiated by water, ethanol, or a water/ethanol
mixture. The water effects on the substrate cyclization were tested first: As shown in Figure 1, a concerted
transition state (TS1-w) was identified, representing both deprotonation and the nucleophilic hydroxyl attack on
the electrophilic carbon (C1). TS1-w is a key transition state that enables a thermodynamically favorable
(“downhill”) continuation of the reaction via deprotonation (N2-H1, 1.3 A) and nucleophilic attack on C1 (01-C1,
1.91 A), with a 33 kcal/mol energy barrier. Optimization of the intermediate resulting from the IRC calculation (11-
w) revealed that the -CCl,(OH) group is unstable. One of the Cl atoms remains at an extended distance from C1
(C11-C1: 1.87 A), which helps stabilize the structure (See ESI, Figure S3). The Cl1 atom plays a key role in the
subsequent ring closure (TS2-w) with 7 kcal/mol energy barrier, assisting in the deprotonation of the phenolic
hydroxyl group (H2- 02: 1.04 A and H2-CI1: 1.84 A), which facilitates a straightforward nucleophilic attack on C1
(C1-02: 2:05 A). TS2-w ultimately leads to the formation of 12-w[HCI] via HCI extrusion. The remaining chlorine
atom (CI2) attached to C1 facilitates proton removal (H2) via a barrierless TS3-w, resulting in the product (P)
formation (Figure 1).
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Figure 1. Calculated free energy profile for the water-promoted intramolecular formation of the benzofuran-
2(3H)-one fused ring. Transition states (TSs) are illustrated with their geometries and selected interatomic
distances (A).

Besides the reaction starting with water attack from the diaza group side (TS1-w) as shown in Figure 1, the
reaction may also proceed with water attacking from the opposite side (the phenyl side) on the same electrophilic
carbon (C1). Our calculations for this alternative showed that the rate-determining step (TS1) requires 49.6
kcal/mol of energy, which is 16.6 kcal/mol higher than that of TS1-w (See ESI, Figure S1). As shown in Figure S1,
the calculated free energy profile includes an additional three steps with two transition states (36.7 kcal/mol and
43.4 kcal/mol) to yield P, which makes the path very unlikely relative to one depicted in Figure 1.

Considering the role of ethanol in the reaction depicted in Scheme 1, we re-calculated the benzofuran-2(3H)-one
fused ring formation pathway by including one ethanol molecule in the substrate structure (Figure 2). The similar
transition (TS1E) state to TS1-w was located by replacing the water molecule with ethanol. The ethanol
nucleophilic attack (TS1E) on the electrophilic carbon (=CCl,) and the simultaneous deprotonation (transfer of
the ethanol hydroxyl proton to the diaza nitrogen) are calculated to have a 28.3 kcal/mol barrier. As shown in
Figure 2, the calculated bond distances for the ethanol nucleophilic attack (01-C1: 1.9 A) and deprotonation (H1-
N2: 1.4 A) are similar to those calculated in TS1-w for the water-mediated attack on the electrophilic C1 (=CCl,)
carbon. Our calculations showed that ethanol lowers the energy barrier by 4.7 kcal/mol compared to TS1-w,
without altering the transition-state structure. The subsequent step follows a pathway similar to that shown in
Figure 1: an important ring-closure transition state (TS2E) converts I1E into the I12E intermediate via Cl2-assisted
deprotonation of the phenolic hydroxyl group, followed by nucleophilic attack of the phenolic oxygen (0O1) on the
electrophilic carbon (C1). This step has a lower energy barrier of 2.2 kcal/mol, which is 4.8 kcal/mol below the
corresponding ring-closure step in the water-based TS2-w. The calculations indicated that ethanol cannot be
utilized further to yield P. Therefore, we employed water as a nucleophile to attack on C1 (the electrophilic
carbon), generating a carbonyl functionality and hydrolyzing the ether bond to yield P. As shown in Figure 2, this
step can proceed via the concerted, high-energy transition state TS3E-C (AG* = 52.1 kcal/mol), which is less likely,



or through a stepwise process involving water attack on C1 (03—C1: 1.63 A) and water deprotonation (Cl1-H3:
1.7 A), as depicted in TS3E, followed by final ether-bond hydrolysis via proton back-donation from HCl (O1-H3:
1.03 A) in TS4E, with energy barriers of 11.1 kcal/mol and 10.5 kcal/mol, respectively. The final transition state,
TS4E, converts the semi-acetal form (I3E) into the final product through proton transfer (H3—01: 1.03 A) from the
HCl formed in the previous step, yielding I14E and ultimately leading to product (P) formation via ethanol and HCI
extrusion.
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Figure 2. Calculated free energy profile for the ethanol/water-assisted formation of the benzofuran-2(3H)-one
fused ring. TSs are shown with their geometries and selected interatomic distances (A).

Comparing the water-promoted vs. ethanol/water-promoted pathway, it is clear that the latter (Figure 2) is more
energetically favorable than in the former (Figure 1). It was determined that ethanol decreases energy barriers
for the rate-limiting nucleophilic attack (TS1E vs. TS1-w), and subsequent ring closure (TS2E vs. TS2-w) by 4.7
kcal/mol, 4.8 kcal/mol, respectively. Other possibilities were also tested and included in SI which follows
considerably higher energy barriers for the ethanol/water profile (Figure S5) requires four steps, each with (TS1-
e; 44.8 kcal/mol, TS2-e; 33.8 kcal/mol, TS3-e; 30.1 kcal/mol, and TS4-e; 31.8 kcal/mol) to yield P. Considering the
possibility of a water/ethanol synergistic effect on the nucleophilic attack, we recalculated TS1-w of Figure 1 by
adding an ethanol molecule in proximity to water. However, this did not yield a transition state with a shallow
energy barrier (See SI, Figure S4, TS1IEW: AG*=34.2 kcal/mol)

Considering that the experimentally observed reaction takes place at room temperature, it appears unlikely that
the reaction proceeds via the mechanism shown in Figure 1, since the crucial transition states (TS1-w, TS2-w)
possess higher energy barrier relative to ethanol promoted path (Figure 2). Instead, the ethanol/water-promoted
pathway more accurately reflects the experimental conditions, as the alternative transition states (TS1E, TS2E)
exhibit energy barriers approximately 5 kcal/mol lower. Based on our comprehensive investigations, the
unexpected formation of fused benzofuran-2(3H)-one in the recrystallization beaker clearly matches the
calculated ethanol/water-promoted ‘downhill’ pathway depicted in Figure 2. The calculated mechanism
corresponding to the joint ethanol/water-promoted pathway in Figure 2 is shown in Scheme 2.
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Scheme 2. Calculated mechanism of Figure 2 for the (E)-2-(2,2-dichloro-1-(phenyldiazenyl)vinyl)phenol
conversion to (Z)-3-(2-phenylhydrazineylidene)benzofuran-2(3H)-one.
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As shown in Scheme 2, rotation around the single (C-N) bond converts the substrate structure to the cis form,
which is ideal for ethanol attack (substrate = I1E), ultimately resulting in the Z-product (P) from E-substrate. Our
computational results are in good agreement with the X-ray crystallographic structure of the product (See ESI,
Figure S2), which confirms P is in Z-form. The theoretically calculated hydrogen bond distance between the NH--
--O atoms in the P structure is 2.04 A, deviating by only 0.1 A from the X-ray structure. The presence of the
phenolic hydroxyl group is an important influence for the ring closure as depicted in TS2E (See Figure 2). The
abstraction of the hydrogen atom (H2) by the chlorine atom (CI2) increases the hydroxyl (02) nucleophilicity,
facilitating its attack on the electrophilic carbon, yielding 12E. We performed a control experiment (unpublished)
previously, which showed that the formation of such a fused ring product is impossible in the absence of a
phenolic hydroxyl group in ortho- position. Likewise, the experiments showed that using a related substrate
without the phenolic hydroxyl group resulted in the Z-ester formation. The NMR and X-ray structure of the Z-
ester are provided in the ESI (See Figure S6 and S7). We believe that our calculations with the experimental
support fully elucidate the role of water and the function of the protic polar solvent (ethanol) in the cyclization
of the substrate to form P.

Conclusion

DFT calculations were employed to elucidate the unexpected recovery of a benzofuran-2(3H)-one derivative from
the recrystallization process intended for substrate purification. The calculated transition state TS1E, with an
energy barrier of only 28.3 kcal/mol, facilitates the product formation through an ethanol/water-mediated
pathway. Our computational studies revealed that the combined effect of water and the recrystallization solvent



(ethanol) plays a key role in the fuse-ring formation. Ethanol helps lower the energy barriers for the rate-
determining (TS1E) and ring closure (TS2E) transition states by about 5 kcal/mol compared to the corresponding
transition states (TS1-w and TS2-w) in water-promoted pathway, thereby enabling the reaction to occur at a room
temperature. On the other hand, without water, product formation is impossible because, following the second
stage of the reaction mechanism, water is needed to initiate nucleophilic attack that removes the ethoxy group
in the last two stages (TS3E and TS4E) of the most feasible pathway shown in Figure 2. Our calculations are in
good match with experimental observations, highlighting the ethanol/water unprecedented joint role in
facilitating the target reaction to afford fused benzofuna-2(3H)-one ring.

We believe that this finding will contribute to a more facile and environmentally more benign mass production
of the benzofuran-2-one scaffold for large-scale applications in the pharmaceutical and plastic industries.
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