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Table S1. The effect ratio of (+)-citronellal to AL-Py-500 carbon acid catalyst.

Ratio Selectivity (%)
Entry Conv. (%)
S/C Isopulegol PMD Dimer
1 2:1 97 10 88 2
2b 2:1 73 6 93 1
3 4:1 81 9 89 2
4 20:1 56 13 86 1
5¢ 20:1 89 11 88 1

aratio of (+)-citronellal to AL-Py-500 carbon acid catalyst; weight ratio of water to substrate
(W/S = 25); reaction temp.: 50 °C; reaction time is 24 h; btreated by 0.1 M NaCl; °reaction
time of 72 h.

Table S2. Catalytic performance of the AL-Py-500 catalyst for cyclization-hydration reaction

using different substrates.

Yield! (mol %)
Entry Substrates Conv. (%)

Isopulegol PMD Dimer
12 (£)-Citronellal 97 9 86 2
22 Isopulegol <0.1 >99.9 <0.1 <0.1
3b Isopulegol <0.1 >99.9 <0.1 <0.1
4¢ Isopulegol <0.1 >99.9 <0.1 <0.1

aweight ratio of substrate to AL-Py-500 catalyst (S/C = 2:1); weight ratio of water to substrate
(W/S = 25); reaction temp.: 50 °C; reaction time: 24 h; reaction using 0.25 wt% H,SO4 and
isopulegol with a weight ratio of 1:1 for 12 h reaction; ‘reaction using 7 wt% citric acid and

isopulegol with a weight ratio of 5:3 for 15 h reaction; dyield of the sum of isomers.
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Table S3. Characterizations of commercial acid catalysts.

Density of each acid functional group®

Total acid amount

Carboxylic Lactonic ~ Phenolic
Catalyst
(mmol/g)® group group group
(mmol/g) (mmol/g)  (mmol/g)
CB 0.06 0.02 0.03 0.01

H-USY (Si/Al=6) 0.61 - - -

aacid-base back titration method with 0.01 M NaOH; PBoehm titration method with 0.01 M
NaOH, 0.01 M NaHCO3, and 0.01 M N3.2CO3

Table S4. Reusability of AL-Py-500 catalyst for cyclization-hydration of (+)-citronellal.

Cycle Selectivity? (%)
Conv. (%)
number Isopulegol PMD Dimer
Fresh 97 10 88 2
1t 80 9 89 2
2nd 78 9 90 1
3rd 72 9 89 2

athe sum of isomers
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Table S5. Characterization of the fresh and spent AL-Py-500 catalyst.

Density of each acid functional group

Total acid
Cycle amount Sulfonic Carboxylic  Lactonic Phenolic and
number groups groups groups thiol groups

(mmol/g)?

(mmol/g)®  (mmol/g)* (mmol/g)®  (mmol/g)?

Fresh! 0.11 0.06 0.04 0.00 0.01
It 0.09 0.04 0.04 0.00 0.01
2nd 0.08 0.03 0.04 0.00 0.01
3rd 0.06 0.03 0.03 0.00 0.00

aBoehm titration method with 0.01 M NaOH, 0.01 M NaHCO;, and 0.01 M Na,COx;
bestimated by acid-base back titration of 0.1 M NaCl method; °estimated by the difference of
Boehm titration method with 0.01 M NaHCO; and acid-base back titration of 0.1 M NaCl
method.
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Figure S1. Characterization of standard PMD by 'H-NMR (Wyenzene = 10.2 mg; Wampie = 54
mg)

The preparation of standard PMD was followed the reported method.? Herein, (-) citronellal
was used as the reactant. The cyclization-hydration of citronellal was conducted with the 7
wt% citric acid solution to (-)-citronellal ratio of 1.5 at 50 °C for 15 h. 'H-NMR spectrum
was compared with the database from Spectral Database for Organic Compounds (SDBS)
website, in which Cis-PMD and Trans-PMD are '"H-NMR SDBS No. 19406HSP-47-0083 and
'H-NMR SDBS No. 19407HSP-47-007,* respectively. The purity of p-menthane-3,8-diol was

calculated as follows:

Wbenzene X Total intensity of specific protonof PMD X MrPMD
Mrbenzene X Total proton of benzene X Wsample

Purity of PMD (wt.%) =
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Scheme S1. Proposed reaction mechanism in the cyclization-hydration of citronellal to PMD.

Isopulegol is formed by the concerted reaction of ring-closure and deprotonation from the
methyl group on the C1 position, in which the intra-molecular hydrogen bonding between the
carbonyl oxygen atom and the hydrogen atom connecting to the carbon atom on the Cl
position directs this reaction (Scheme S1). Based on this reported assumption, weaker acidity
or fewer acid amount is not enough to polarize the carbonyl oxygen atom to form this intra-
molecular hydrogen bonding, and instead the positively charged carbon atom on the C2
position during the ring-closure was attacked by water molecule to form PMD. In this
proposed reaction pathway, the intermediates toward the isopulegol and PMD formation are
different. Actually, when isopulegol was used as a reactant instead of citronellal, none of
PMD was formed in the presence of the AL-Py-500 catalyst as well as 7 wt% of citric acid
and 0.25 wt% of sulfonic acid, indicating that isopulegol is not an intermediate product for

PMD formation in the current reaction conditions (Table S2, entries 2-4).
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