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hydroxycoumarin with acetates. This procedure also provided a gentle and simple method for
obtaining multi-substituted pyranocoumarins. This protocol's advantage include its widespread
use, mild environmental impact , low cost, reusable catalyst (PEG-400), and convenience of use
due to the only byproducts being acetic acid and water, respectively.
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Graphical Abstract

1. Introduction

In addition to their use as functional materials,' coumarins are a preferred scaffold among heterocycles and are known to
have a variety of biological activities, such as antibacterial, antiviral, antifungal, and cytotoxic properties.>* Particularly,
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the 4-hydroxycoumarins and their 3-alkylated derivatives have generated a lot of interest because they work as nonpeptide
HIV protease inhibitors and as "anticoagulant rodenticides as well as antithrombotic agents," including warfarin,
brodifacoum, difethialone, bromadiolone, coumatetralone, and flocoumafen (Fig 1).!%!2 The synthesis of new C-C and C-
O bonds through C-H functionalization, also known as C3 or O-alkylation of 4-hydroxycoumarin, is arguably one of the
most significant and difficult reactions in synthetic chemistry because of its potential applications in medicine. It can also
be used to create a variety of 3,4-substituted compounds.!'3'* Despite the fact that there are numerous studies on the C3-
alkylation of 4-hydroxycoumarins, the most of them require organic halides or boronic acid as substrates for base-mediated
alkylation reactions or Pd-catalyzed C-C bond formation.'>"'® Because starting materials are easily obtained and the only
byproduct produced is water, alcohols are a more appealing source from a synthetic perspective than comparable halides or
boronic acid. It has not been well investigated, but an alternative method of alkylation using alcohols as alkylating agents
can be carried out in an acidic environment. Strong acids like HCI, H,SO4, Yb(OTY)3;, FeCls.6H,O, Amberlite IR-120,
molecular iodine, Bi(OTf);, Fe(ClO4)3.xH,O, TMSOTT, Bi(NO3)3.5H,O/Ionic liquid system, Ir-Sn bimetallic system,
sulfated tin oxide, and zinc acetate are among the methodologies for the C3-alkylation of 4-hydroxy coumarin with alcohols
that have been reported thus far.!”!° However, procedures utilizing traditional acids are always linked to issues such high
toxicity, corrosion, waste from catalysts, and challenges with recovery and separation. Some of these catalytic systems are
limited by lengthier reaction times, a lack of reusability, low yields, and the use of toxic solvents or reagents. Thus, it is
more crucial and ideal to create a novel, effective catalytic technique for the direct C3-alkylation of4-hydroxycoumarin
employing alcohols. Utilizing atom-efficient catalytic processes in the production of fine chemicals and pharmaceuticals
has garnered interest due to the growing recognition of the urgent need for greener, more sustainable technology. The use
of substitute reaction media, which avoids the issues with many of the conventional volatile organic solvents, is one such
element that is gaining more and more attention. Many environmentally friendly, compatible alternative reaction media
have been investigated over time, including polyethylene glycol, ionic liquids, and supercritical fluids.?*?! From this angle,
polyethylene glycol (PEG) serves as a green solvent and substitute reaction media.??> For over twenty years, PEG has been
investigated as a solvent for chemical synthesis. A reassessment of early work was conducted in 2005.2°?7 PEG's
biodegradable, biocompatible, non-toxic, and benign qualities make it a popular choice in organic synthesis over harmful
organic solvents. PEG has allegedly been utilised as a solvent in a number of heterocyclic molecule synthesis reactions,
oxidations and reductions, heteroatom-heteroatom bond-forming reactions, and carbon-carbon and heteroatom-heteroatom

bond-forming reactions. -3¢
OH OH 1 OH 1

Coumatetralyl

Phenprocoumon Warfarin (Coumadin) Difenacoum
Vitamin K antagonist HIV-1 and 2-protease inhibitor Vitamin K antagonist Vitamin K antagonist
(blood thinner) (anti-coagulent) (anti-coagulent)
Rodenticide Rodenticide

3

Flocoumafen (x= o)

Bromadiolone Brodifacoum Difethialone (x= S)
Vitamin K antagonist Vitamin K antagonist Vitamin K antagonist
(anti-coagulent) (anti-coagulent) (anti-coagulent)
Rodenticide Rodenticide Rodenticide

Fig. 1. Representative 4-hydroxycoumarins in market

We have successfully used PEG-400 as an effective catalyst and solvent solution for the title work in this study, which is a
continuation of our research on investigating novel synthetic techniques for C-H functionalization3%37-4? herein. The results
are reported here.

2. Results and Discussion
As a model reaction, we first looked into the various reaction conditions for the three-component reaction involving 4-

hydroxycoumarin (1, 4-HC, 1 mmol) andl-phenylethanol (2a, 1.1 mmol). Table 1 summarizes the findings of an
investigation into the impact of temperature and solvent on the synthesis of the desired product, 4-hydroxy-3-(1-
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phenylethyl)-2H-chromen-2-one (3a). Even after a considerable period of time (24 h, Table 1, entry 1), the reaction did not
continue in solvent-free conditions. The rate of the reaction might be affected by the reactants' solubility. We looked at a
variety of solvent types at various temperatures, including polar-aprotic (DMF, CH3CN, and THF), non-polar (toluene), and
polar-protic (H,O, MeOH, EtOH, and PEG-400) (Table 1, entries 2-13). In both polar and non-polar aprotic solvents, the
process was stopped (Table 1, entries 2-4). The reaction proceeded in solvents H,O, MeOH, and EtOH, providing yields of
the intended product 3 of 0%, 17%, and 21%, respectively (Table 1, entries 5-7). It's interesting to note that using PEG-400
as the solvent resulted in a much higher yield (75%) of product 3 in a shorter reaction period (6 h) (Table 1, entry 12).
Regarding the product yield and reaction rate, PEG-400 outperformed all other investigated solvents for the reaction under
test. Due to its moderate acidity, PEG has become the most used phase transfer catalyst. In order to accomplish the intended
product transformaticc))n|_,| it plays a catalytic role and increases the rate of reaction.

OH
A AN PEG-400 _
"R 70°C,6-8h
0 0 G ’
1 ’ 3
Tablel. Screening for the reaction conditions®
Entry Solvent Temp (°C) Time (h) Yield" (%)
1 Neat 70 24 NR
2 THF 70 8 NR
3 Toluene 70 8 NR
4 DMF 70 8 NR
5 CH;CN 70 8 NR
4 n-hexane 70 6 NR
5 H,O 70 6 NR
6 MeOH 70 5 17
7 ETOH 70 5 21
8 PEG-400 25 12 28
9 PEG-400 40 8 32
10 PEG-400 50 8 40
11 PEG-400 60 8 58
12 PEG-400 70 6 75
13 PEG-400 80 6 75

1.0 mmolla, 1.2 mmol 2b in 5 mL PEG; ®Isolated yield [NR = No reaction]

Additionally, the reaction at ambient temperature recorded 28% of the product yield for 12 hours after screening the process
at various reaction temperatures using PEG-400 as a solvent (Table 1, entry 8). It's interesting to note that at 40 °C, 50 °C,
and 60 °C, respectively, there was a higher product yield (32%, 40%, and 58%) and a decreased reaction time (8 h) (Table
1, entries 9-11). The reaction gave the maximum yield (75%) of the product 3a in a 6-hour reaction time when the
temperature rose from 60 °C to 70 °C (Table 1, entry 12). The yield (75%) at 70 °C did not improve any more (Table 1,
item 13). As a result, we determined that the optimal temperature for the model reaction was 70 °C. The formation of desired
product 3a is established by mp, IR, NMR and mass spectral analyses. Disappearance of olefin proton of the starting material
(4-HC) and OH group 1-phenylethanol and appearance of signal 3 111.1 of C3-carbon in '*C NMR indicates C3-alkylation
of 4-hydroxycoumarin with 1-phenylethanol. EI-MS of 3a shows the molecular ion peak of 266. The Ry, tr, mp and IR of
the synthesized compound are in accordance with that of literature precedent.'®

We subsequently assessed the extent of the benzylation of 4-hydroxycoumarin 1 using a range of structurally divergent
reactants after obtaining the ideal reaction conditions (PEG-400 at 70 °C). The outcomes are listed in Table 2. In 68-81%
yields, we were able to extract the equivalent C3-alkylated compounds (3a-h) after 5 hours (entry 1-3, Table 2). When
benzylic alcohols contain electron-donating groups like methoxy, the process produced larger yields (entry 2, Table 2). The
reaction did not occur at all when nitro groups containing benzylic alcohol were supplied in place of bromo- or methoxy
groups. We were intrigued by these findings, so we modified the procedure to create an anticoagulant molecule,
Coumatetralyl (3d, Table 2), utilizing 1,2,3,4-tetrahydro-1-napthanol (2d) and 4-hydroxycoumarin in 70% yield.
Furthermore, we achieved exceptional yields when we carried out this reaction with substituted allylic alcohols (entries 5-
7 and 9, Table 2). Using primary benzyl alcohols did not produce the desired result. The success of the direct C3-alkylation
of 4-hydroxycoumarin was limited to secondary benzylic alcohols, as these results unequivocally show. Even after refluxing
for 20 hours, the reaction between 2-hydroxycoumarin and benzhydrol did not continue (entry 8, Table 2).

Similarly, styrene (4a) was examined for its ability to react with 4-hydroxy coumarin (1) under optimal conditions based
on a precedent report,*® and interestingly, no direct C3-alkylation was seen, even after the reaction was allowed to proceed
for a whole day. Using PEG-400 as the reaction medium, various Lewis acids (LAs), including Zn(OAc),.2H,0, ZnCl,,
FeCls, CuBr, and CuCl,, were screened. Thankfully, the reaction continued to produce the matching C3-alkylated product,
3a. The disappearance of styrene olefinic protons clearly indicated the C3-alkylation of 4-hydroxycoumarin with styrene.
Zinc acetate, despite being less expensive and readily available, turned out to be the best LA among those tested in terms
of isolated yield and shorter reaction durations. Because of its unique physical and chemical characteristics, which show
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that it can be effective in enabling a broad range of synthetic transformations in both organic synthesis and catalysis,
Zn(OAc).2H,0 is known as a multifunctional catalyst.*>° For the styrene addition, the ideal reaction conditions are
Zn(0OAc)2.2H>0 (5 mol%) in PEG-400 at 70 °C. Subsequently, functionalities of -CHs, -OCH3, -Br, and -Cl were
investigated on electrically divergent styrenes (4b-e), and moderate to good yields were achieved (3a-¢, Sa-b, Table 3).

Table 2. C3-alkylation of 4-hydroxycoumarin with various alcohols
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Table 3. C3-alkylation of 4-hydroxycoumarin with styrenes

OH
OH A Zn(OAc)2-2H,0
N . O (5 mol%) O A R3
o R PEG-400 0N
1
Entry

4 70 °C 3/5
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5 /@/% 5a 45 78
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We then focused on examining the viability of using secondary benzyl acetates (6a-f, prepared immediately for the purpose)
to react with 4-hydroxycoumarin under the above optimized conditions to produce novel compounds (7a-e) with moderate
to good yields (67-82%) in the allotted time after the successful direct C3-alkylation of 4-hydroxycoumarin with secondary
benzyl alcohols and styrenes (new C-C bond formation) (Table 4). Using PEG-400 catalysis, this method is successfully
applied to a new C-O bond forming process. As expected, rather than the anticipated O-alkylated product (7f), we extracted
pyranocoumarin (8) in good yield when prenyl acetate (6f) interacted with 4-hydroxycoumarin (entry 6, Table 3) that is in
accordance with the precedent literature reports. This process offers a gentle and uncomplicated way to obtain multi-
substituted pyranocoumarins.’!33

Table 4. O-Alkylation of 4-hydroxycoumarin (1) with various acetates

0]

OH OAc
Q PEG-400 N o
+
o <0 60 °C 0
1 6a 7a
Entry Acetate Product  Time (h) Yield (%)a

OAc
1
©)\ 6a Ta 4 67
OAc
9 /@)\ 6b 7b 4 78
0]
OAc
Tc 5 73
6¢c
OAc

7d 5 70

W
/
WA

~
6d
Cl
OAc
5 l 6e Te 6 82
8
6 of
=" 0Ac
O
a Isolated yields after column chromatography.
b Intramolecular cyclization.

0
N 5 65

PEG-O-H PEG-O-H

H R
H"dd—/ \*b : O'\_/
-~ R ° ) R/_\ OH
N A58
_ — +
0 OH R j H,0 OAc o X0
N + 20 Carbocation
o0 Mechanism for O-Alkylation via H-bonding using PEG-400

20 Carbocation

R/

Mechanism for C3-Alkylation via Bronsted and Lewis acid Catalysis using PEG-400
Fig.2. Proposed mechanism for the PEG-400 mediated C3-and O-alkylation

The reaction's suggested mechanism can be roughly seen as a series of tandem reactions, as shown in Fig.2, that remove
water molecules as byproducts by creating stabilized carbocations, which function as the alkylating species. These
carbocations are derived from alcohol (or, alternatively, from the formation of dimeric ether) in the presence of PEG-400-
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using its Bronsted acidic site (C3-alkylation). PEG-O-H uses an H-bond to activate the enolic hydroxyl group, which
increases the 3-position's nucleophilicity. On the other hand, in the instance of O-alkylation, PEG-O-H activates the
carbonyl functionality of acetate by H-bonding, forming it as a leaving group. The stabilized carbocation that is thus
generated subsequently interacts with enolic hydroxide to produce AcOH as a byproduct. One key question concerning
sustainable chemistry is the recyclability of reagents. For the synthesis of product 3a in PEG-400, the separation of the
products and the reaction medium were investigated. The yield dropped from 75% to 58% after five runs, but we were
happy to find out that the reaction medium could be successfully recycled for a maximum of five cycles with little loss of
activity.

3. Conclusion

In conclusion, we have effectively used PEG-400 as an effective catalyst/solvent system to encourage the C3-benzylation
of 4-hydroxycoumarin by employing secondary benzyl alcohols such as benzylic, and allylic alcohols and styrenes, as well
as secondary benzyl acetates for O-alkylation. In total, 15 compounds were synthesized and all of them are known and
compared their structures with the literature precedents. This protocol's benefits include its wide use, moderate environment,
low cost, reusable catalyst (PEG-400, up to five cycles), and ease of usage due to the only byproducts being acetic acid and
water, respectively. Additionally, this approach offers a gentle and uncomplicated way to obtain multi-substituted
pyranocoumarins. The present developed green methodology can be handy for the researchers to exploit the applications of
PEG-400 for the synthesis of biologically relevant heterocycles.

4. Experimental

Without undergoing additional purification, all chemicals were purchased from for-profit suppliers (TCI Chemicals Co.
Ltd., Tokyo, Japan, and Alfa Aesar, Ward Hill, MA, USA). Merck Kieselgel 60 and F254 plates were used for TLC, while
silica gel (60-120 mesh) was used for column chromatography with an ethyl acetate and hexane mixture as the eluent. Fisher
John's melting point device was used to record melting points. Using a Perkin Elmer FTIR-240 C spectrophotometer, IR
spectra were captured. Using a Bruker Avance 300 MHz spectrophotometer, 'H and '*C NMR spectra were captured.
Regarding the internal TMS, chemical shifts are expressed in ppm, while J values are mentioned in Hz.

Standard experimental protocol for 4-hydroxycoumarin (alcohol) C3-alkylation (3a-h)
5-Hydroxycoumarin (1, 1.0 mmol) and secondary benzyl alcohol (2a-h, 1.1 mmol) in PEG-400 (5 mL) were combined, and
the reaction mixture was left to stir at 70 °C for the specified amount of time (see to Table 2). Following the conclusion of
the reaction, which was observed by thin-layer chromatography, the mixture was diluted with anhydrous diethyl ether and
allowed to stir for fifteen minutes. Subsequently, the layers were allowed to separate and the ether layer was decanted. The
mother liquor (PEG) was set aside for subsequent runs, and this procedure was performed twice to provide the crude
products in diethyl ether. Following solvent evaporation, the crude product was refined using column chromatography on
silica gel with 1:1 petroleum ether/ethyl acetate to produce the pure corresponding C3-alkylated products (3a-h).
4-Hydroxy-3-(1-phenylethyl)-2 H-chromen-2-one (3a): White crystalline solid. mp: 204-205 °C; Rf (n-Hexane:EtOAc,
1:1) = 0.4; IR (KBr): n~= 3427 (s), 1672 (vs), 1626 (vs), 1393 (s), 1214 (s), 753 (s) cm™'; '"H NMR (400 MHz, acetone-ds):
6=1.73 (d,J=7.3 Hz, 3H, CH3CH); 4.66 (q, 3 J= 7.3 Hz, 1H, CH3CH); 7.14 (m, 1H, p-Ph); 7.25 (m, 2H, m-Ph); 7.29 (dd,
J=8.2Hz, 1.0 Hz, 1H, H-8); 7.35 (ddd, J= 8.0 Hz, 7.3 Hz, 1.0 Hz, 1H, H-6); 7.41 (m, 2H, oPh); 7.60 (ddd, J =8.2 Hz, 7.3
Hz, 1.6 Hz, 1H, H-7); 8.00 (dd, J= 8.0 Hz, 1.6 Hz, 1H, H-5); 3C NMR (100 MHz, acetone-ds): 8 = 17.2 (CH3); 35.1 (C-9);
111.1 (C-3); 117.1(C-8); 117.2 (C-4a); 123.8 (C-5); 124.5 (C-6); 126.7 (p-Ph); 128.2 (0-Ph); 128.8 (m-Ph); 132.5 (C-7);
144.9 (i-Ph); 153.6 (C-8a); 160.0 (C-4); 162.1 (C-2); tr = 25,72 min; MS (EI) m/z (%) = 266 (100) [M'], 251 (67), 237 (4),
223 (33), 207 (10), 188 (7), 175 (51), 161 (6), 145 (20), 121 (35), 105 (39), 92 (10), 77 (11) [Ph'].

Standard experimental protocol for 4-hydroxycoumarin (styrenes) C3-alkylation (5a-e)
For the duration given in Table 3, the reaction mixture containing 1-hydroxycoumarin 1a (1 mmol), styrene 4a (1 mmol),
and Zn(OAc),.2H>0 (5 mol%) in PEG-400 (5 mL) was left to stir at 70 °C. Following TLC completion, the reaction mixture
was allowed to cool to room temperature before being diluted with water and 10 mL of ethyl acetate. The organic layer was
then filtered after the mixture was dried over anhydrous Na>SOs. Following solvent evaporation, the crude product was
refined using column chromatography on silica gel with 6% to 8% petroleum ether/ethyl acetate to produce the pure
corresponding product (5a-e).

4-Hydroxy-3-(1-(p-tolyl)ethyl)-2 H-chromen-2-one (5a):**'H NMR (CDCls, 400 MHz): § 7.70-7.68 (m, 1H), 7.52-7.47
(m, 1H), 7.38 (d, J = 8 Hz, 2H), 7.30-7.27 (m, 1H), 7.24-7.20 (m, 3H), 6.45 (s, 1H), 4.72-4.66 (m, 1H), 2.35 (s, 3H), 1.65
(d, J=7.2 Hz, 3H); *C NMR (CDCls, 100 MHz):5 163.7, 159.9, 152.6, 138.5, 137.7, 131.8, 130.5, 127.3, 123.9, 123.0,
116.4,116.3,110.2,34.3,21.1, 16.7.

Standard experimental protocol for 4-hydroxycoumarin O-alkylation (7a-e, 8)
4-Hydroxycoumarin (1, 1.0 mmol) and secondary O-acetyl compound (6a-f, 1.1 mmol) in PEG-400 (5 mL) were combined,
and the reaction mixture was agitated at 60 °C for the specified amount of time (see to Table 4). Water was added to the
reaction mixture once the reaction (which was being watched over by TLC) was finished. After extracting in ethyl acetate,
adjust pH neutral with sodium carbonate. After being dried over anhydrous Na>SOs, the organic phase evaporated under
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vacuum. Using petroleum ether/ethyl acetate (1:3) as the eluent, the residue was purified using a silica gel column to provide
the corresponding O-alkylated 4-hydroxycoumarin (7a-e and 8).
4-(1-Phenylethoxy)-2H-chromen-2-one (7a).'® Off white solid; mp: 214-218 °C. IR (KBr): v 1669, 1621, 1492, 1401,
1218, 1168, 741 cm’. '"H NMR (300 MHz, CDCl3): § 7.64 (d, J=12.4 Hz, 1H), 7.64-7.43 (m, 5H), 7.64-7.42 (m, 2H), 7.23
(dd, J=10.8 Hz, 1H), 5.99 (s, 1H), 4.74 (q, J=9.6 Hz, 1H), 1.68 (d, J= 9.6 Hz, 3H) ppm. 3C NMR (100 MHz, CDCl3): &
163.8, 160.0, 152.6, 141.8, 132.1, 129.8, 127.7, 127.5, 123.9, 123.0, 116.3, 116.2, 110.3, 34.8, 16.8 ppm. MS (ESI): m/z
(rel. abund. %) 267.3 ([M+1]", 100).
3,4-Dihydro-2,2-dimethylpyrano [3,2-c|chromen-5(2H)-one (8):'* Semi solid. IR (KBr): 1721, 1636, 1614, 1497, 1451,
1383, 1276, 1203, 1171, 1118, 1016, 764, 698 cm™. 'H NMR (300 MHz, CDCl;): § 8.18 (dd, J =10 Hz, 1H), 7.61-7.57 (m,
1H), 7.39-7.30 (m, 2H), 2.66 (t, J = 6.8 Hz, 2H), 1.87 (t,J = 6.4 Hz, 2H) 1.47 (s, 6H) ppm. *C NMR (100 MHz, CDCl5): §
162.03, 60.1, 150.3, 128.4, 125.5, 121.6, 117.4, 100, 78.2, 35.5, 27.7, 15.8 ppm. MS (ESI): m/z (rel. abund. %) 231.3
(IM+17%,100).

All compounds are known and their authenticity is compared to the literature reports.'3!1%43

This work confirms that heterocyclic compounds are very important in different fields due to the high variety of their
applications.>*%0
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