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Section A. Experimental information

Al. Materials

Levulinic acid (LA), y—valerolactone (GVL), and deuterium oxide (D20O), tetrahydrofuran
(THF), methanol (MeOH), sodium borohydride (NaBH4), dioxane, toluene, deuterated
chloroform (CDCl3) were obtained from Sigma-Aldrich. The Type 1 (milli-Q) and Type 2
(DD-H;0) water purified by Merck-Millipore was used directly.

A2. Instrumentation

Gas chromatography-mass spectrometry (GC-MS) was recorded using Agilent 8860 gas

chromatograph, incorporated with an Agilent 5977C mass spectrometer platform (GC-MS,
Agilent Technologies India Pvt Ltd), with chromatographic Agilent HP-5SMS ((5%-phenyl)-
methylpolysiloxane) capillary GC columns (30 m % 0.25 mm x 0.25 um).

The oven temperature was heated from 50 °C (1 min holds time) to 300 °C (3 min holds time)
at ramp rate of 10 °C/min using Helium (He) as a carrier gas (570 Kpa). The LA conversion,
GVL yield and selectivity were calculated via formulae provided in SI, Eqns. S1-S3.

Nuclear magnetic resonance (NMR) The 'H (400 MHz), '*C (100 MHz), correlation

spectroscopy (COSY), and Diffusion ordered spectroscopy (DOSY) NMR solution spectra
were carried out on a Bruker Avance-II spectrometer using D>O and CDCIl3 solvent systems at

298 K.

A3. Mathematical expressions

Mole of product formed

Productyield (%) = x 100 seesseee(S])

Mole of reactant

) __ Intial reactant moles— Residual reactant moles

Reactant conversion (% x 100 sessscee(S2)

Intial moles of reactant

productyield

Product selectivity (%) = seescece(S3)

reactant conversion

Section B: Synthesis and characterization data
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Bl. General procedure for ketoacids to lactone synthesis

0 MW, NaBH,, 150°C,2h _ H 4
o )WORZ R1WO
]
n 0 Solvent n
1(a-k) 2(a-k)

The reaction was conducted in a microwave (MW) reactor (Monowave 200, Anton Paar)
using a 10 mL MW reaction vessel. The vessel was charged with 1 mL of solvent, keto acid
(0.176 mmol, 1 equiv.), and NaBH4 (0.079 mmol, 0.45 equiv.). The equipment irradiates at
150 °C for 2 h, with continuous magnetic stirring at 600 rpm, that generates ~ 9 W power and
~18 bar pressure. After the completion of the irradiation, the reaction mixture was subjected
to liquid-liquid extraction using H>O and ethyl acetate (EtOAc), followed by the products
were isolated by the column and preparative thin-layer chromatography (PTLC) with
EtOAc/hexane 1:9 as elution system. The isolated product was then analyzed by NMR and
GC-MS techniques.

B2. Spectral details of lactone products
2a. y—valerolactone (GVL)
'"H-NMR (400 MHz, D-0, 298 K, ppm): § = 4.84 (q, J = 6.39 Hz, 1H), 2.71 — 2.64 (m, 2H),
2.39 — 2.49 (m, 1H), 1.99 — 1.87 (m, 1H), 1.42 (d, J = 6.32, 3H); *C-NMR (100 MHz, D0,
298 K, ppm): 0 = 182.37, 80.10, 29.10, 28.88, 19.93; GC-MS: m/z = 100.05 Daltons.
2b. 6-methyltetrahydro-2H-pyran-2-one

H

\tftfo
'H-NMR (400 MHz, CDCl3, 298 K, ppm): 0 = 4.94 — 4.94 (m, 1H), 2.32 — 2.24 (m, 2H), 1.69
— 1.49 (m, 4H), 1.20 (d, J = 6.2 Hz, 3H); *C-NMR (100 MHz, CDCl;, 298 K, ppm): 0 =

173.05, 70.57, 35.33, 34.32, 20.94, 20.02; GC-MS: m/z = 114.07 Daltons.
2d. dihydrofuran-2,5-dione (succinic anhydride)

O
N
'H-NMR (400 MHz, CDCls, 298 K, ppm): 6 = 3.0 (s, 4H); *C-NMR (100 MHz, CDCls, 298

K, ppm): 0 = 170.68, 28.51; GC-MS: m/z = 100.02 Daltons.
2g. 5-phenyldihydrofuran-2(3H)-one
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H
O _o

'H-NMR (400 MHz, CDCls, 298 K, ppm): § = 7.4 —7.33 (m, SH), 5.52 (t, J = 7.12 Hz, 1H),
2.71 — 2.63 (m, 3H), 2.24 — 2.14 (m, 1H); 3C-NMR (100 MHz, CDCls, 298 K, ppm): § =
177.03, 139.52, 128.92, 128.60, 125.41, 81.37, 31.12, 29.09; GC-MS: m/z = 162.07 Daltons.

CLp

H

'"H-NMR (400 MHz, CDCl3, 298 K, ppm): 6 = 7.88 — 7.86 (m, 1H), 7.57 — 7.53 (m, 1H), 7.47
~7.43 (m, 1H), 7.30 — 7.16 (m, 7H), 6.30 (s, 1H); *C-NMR (100 MHz, CDCls, 298 K, ppm):
0 = 170.66, 149.84, 136.57, 134.46, 129.51, 129.46, 129.13, 127.13, 125.83, 125.77, 123.01,
82.88; GC-MS: m/z = 210.07 Daltons.

2h. 3-phenylisobenzofuran-1(3H)-one

2i. 3-methylisobenzofuran-1(3H)-one

H
O
O
"H-NMR (400 MHz, CDCl3, 298 K, ppm): 6 = 8 7.90 — 7.88 (m, 1H), 7.69 — 7.65 (m, 1H),
7.54 —7.42 (m, 2H), 5.56 (q, J = 6.7 Hz, 1H), 1.63 (d, J = 6.7 Hz, 3H); *C-NMR (100 MHz,
CDCls, 298 K, ppm): 6 170.61, 151.32, 134.17, 129.19, 125.92, 125.84, 121.66, 77.87, 20.51;
GC-MS: m/z = 148.05 Daltons.
2Kk. 5-(4-methoxyphenyl)dihydrofuran-2(3H)-one

MeO H
O _o

'"H-NMR (400 MHz, CDCls, 298 K, ppm): d = 7.29 — 7.25 (m, 2H), 6.91 (d, J = 8.68 Hz, 2H),
5.48 — 5.45 (m, 1H), 3.82 (s, 3H), 2.68 — 2.59 (m, 3H), 2.25 — 2.18 (m, 1H); *C-NMR (100
MHz, CDCl3, 298 K, ppm): 0 = 177.07, 159.92, 131.31, 127.09, 114.27, 81.48, 55.49, 31.05,
29.36; GC-MS: m/z = 192.08 Daltons.

B3. 'H-, 3C-NMR and mass spectral profiles of lactone-product
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Fig. S1. a) 'H-NMR (400 MHz, D,0, 298 K), b) 3C-NMR (100 MHz, D,0, 298 K), and c)

GC-MS spectra of 2a.
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Fig. S2. a) 'H-NMR (400 MHz, CDCl3, 298 K), b) '*C-NMR (100 MHz, CDCl3, 298 K), and

c) GC-MS spectra of 2b.
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Fig. S3. a) 'H-NMR (400 MHz, CDCls, 298 K), b) 3C-NMR (100 MHz, CDCls, 298 K), and
c) GC-MS spectra of 2d.

S8



sevi'e
1414
6512
144:1%4
8961°C
$§902°C
s8Lze
€922
Lze2C
Love'e
L€€9°C

86€£9°C

8€59°C

€999°C
LLL9°c
8589°C
9169°C
0669°C
ceLLe

020S°'S V
861S°S 7
69€S°S

€10d2 0092°L
zsee’L
€6€€°L
eSYeEL
LLseL
€6.€°L
S96€°L

veov'L
(34343

—_
©

< FoL°L

- 90°¢

.J 60l

.ﬁ r00°s|

30 25 20 15 10 05

35

65 6.0

7.0

8.0

5.5

7.5

5

60°62 ~
zre

v8'9L
102 91722

sz
09°8Z1~
z6'821L7

25°6€L —

—_
D e02LL—

2g

i

160 150 140 130 120 110 100

170

50 40 30 20 10

60

80 70

90

5 ppm

30

o
[ -
w0
Q
A o~
el
o~
>
K-}
(@]
(o]
H g
N
LA
o~
<
A o < J
o - W
w w0 -~
= -
=
I
|
<
[
el
=
- s o |
~ Y~
]
o -
~
5 =
- -
o
.
S
Q
Q
o
— (=] © 4
= ~ o =
w0
gL
= L4
™ —=
o © 4
87 = _o a3
=
o 3
- 9
o —3
|
2 Q Q (=] o o Q (=] Q (=] o o
- o N w ~ w w - ™ o~ -
—
o

[%%)@ouepunqy ‘jas

200 220 240

180

140

120

100

40

Fig. S4 a) 'H-NMR (400 MHz, CDCls, 298 K), b) 3C-NMR (100 MHz, CDCls, 298 K), and

c) GC-MS spectra of 2g.

m/.

S9



L¥0€'9
09S1°L
0g9L°L
9891°L
6LLLL
€181°L
000Z°
G€2T'L
22yl
1009 0092°L
969Z°L
18121
L€82°L
$982°L
9562°L 7,
evey' L
9eSY'L
€LY’ L
8925°L
9625°L
SSYSL
v8vs L
£Y95°L
6995°L

0958°L
0S.8°L

a)

T

AL

—_— . e 150°2
- - ZVh

601

- - 90°}

2h

-00°}

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 o0«
5 ppm

9.5

10A2 91°LL

b)

88°28 —

LoezL

LL'S2L /
€8°'621L /
€LLZL~
€LecL 7
av'6zL \
L6°621

av'veEL \
1S°9¢€L

v8'6vL —

99°0LL —

5 ppm

Nl

A

327.0 340.9 355.
325

2h
280.9

»
253.1

21212230
.

[%6)@ouepunay “|au

350

00
W

275 3

250

175

150

125

00
w

1

Fig. S5. a) '"H-NMR (400 MHz, CDCls, 298 K), b) *C-NMR (100 MHz, CDCls, 298 K), and

c) GC-MS spectra of 2h.
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Fig. S7. a) 'H-NMR (400 MHz, CDCls, 298 K), b) *C-NMR (100 MHz, CDCls, 298 K), and

c) GC-MS spectra of 2k.
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B4.  NMR and HRMS studies of LA to GVL hydrogenation

Reaction Conditions: LA (0.176 mmol, 1 equiv.), NaBH4 (0.079, 0.45 equiv.), DO (1 mL),
150 °C, 60 min.
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Fig. S8. a) 'H-NMR (400 MHz, D>0, 298 K), b) '*C-NMR (100 MHz, D-0, 298 K), c)
COSY, and d) DOSY spectra of LA reaction mixture,
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B5. Time study for LA and methyl levulinate conversion to GVL
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IL.
I1I.
IV.

(%) synthesis from LA and methyl levulinate. Reaction conditions: LA/methyl levulinate (0.176
mmol, 1 equiv.), NaBH4 (0.079, 0.45 equiv.), H2O (1 mL), MW heating: 150 °C.

The conversion rates (%) of LA and methyl levulinate, along with GVL synthesis (%), were
compared over time at 150 °C to demonstrate that the LA-to-GVL method reported in this
study is significantly more efficient than the methyl levulinate-to-GVL method under the
optimized conditions (Fig. S10). The results demonstrate that GVL forms at a similar
conversion rate for both substrates, indicating that the catalytic system is effective for both
LA and methyl levulinate. However, since methyl levulinate is commercially synthesized
from LA—a platform chemical derived from glucose dehydration—our system simplifies the
process by enabling a high conversion rate (98%) and yield (90%) of GVL directly from LA,

thereby eliminating the additional esterification step.

Section C. Green metrics parameters

a. Environmental factor (E-factor) = [Total mass of waste/ mass of product]eeeeessesccccsss(S4)
b. Total mass of waste = mass of reactant — mass of product

Atom economy (AE, %) = [Molecular weight of product/ molecular weight of reactant]ee+(S5)

Reaction mass efficiency (%) = [Mass of product/ total mass of reactant]eeeesssseccccscccse(S()

Carbon economy (%) = [Total carbon in product/total carbon in reactant]esseseeecsssscccees(S7)

Process mass intensity = [(Total mass in process)/total mass of product]eeeeessssecccsccccses(SRg)

Table S1. Green metrics parameters for LA to GVL conversion using NaBHs.

S.No. Green metrics parameters Ideal value (100% Calculated value (90%
yield) yield)

1 E-factor 0.16 0.3

2 Atom economy (%) 86.2 86.2

3 Reaction mass efficiency (%) 86.2 77.5

4 Carbon economy (%) 100 100

5 Process mass intensity 1 1.48

Reaction conditions: Levulinic acid (0.176 mmol, 1 equiv.), NaBH4 (0.079, 0.45 equiv.), H.O
(1 mL), 120 min, 150 °C.
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Section D. Literature comparison table

Table S2. Literature survey of homogenous catalysts for LA to GVL conversion.

S. Catalyst Temp H: Time Solvent GVL  Ref.
No. °C) (bar) (h) Yield
(%)

1 NaBH4 150 - 2 H>O 90 This work
2 Shvo’s catalyst 100 — 8 H>O 99 S1
3 [Ru(acac);]PBus 135 100 8 H>O 99 S2
4 Casey catalyst 100 — 19 H>O 95 S3
5 [Ru(acac)s]/tetraphos 140 80 22 H>O 73 S4
6 Ni(OAc)2].3HO/triphos 150 1 20 HO 98 S5
7 [(PPh3)>Cu(k?-O,0- 140 20 24 hexane 99 S6

LVA)]/dippe
8 Ru/C+ChCl 150 5 2.5 H>O 99 S7
9 L/Et:SiH rt — 2 CH.CL, 88 S8
10 NHC-Ir 100 1 4 H>O 92 S9
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